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Abstract
The research presented in this dissertation involves the synthesis, modification,
characterization, and the application of polymeric surfactants in micellar electrokinetic
chromatography (MEKC). Sodium undecenoyl-L-Leucinate (L-SUL) was synthesized and
modified by use of alkali metal counterions, alcohols, and Triton X-102. Characterization of
the modified poly-L-SUL was performed in order to elucidate the structural changes on the
surfactants by use of four techniques.

While surface tensiometry was used for the

determination of the critical micelle concentration (cmc), fluorescence measurements were
used for the determination of the polarity of the modified polymeric surfactants.

The

information about the size of the polymeric surfactants was obtained by use of pulsed field
gradient-NMR (PFG-NMR).

A superior chromatographic performance in MEKC was

demonstrated by the modified polymeric surfactants as compared to the non-modified
polymeric surfactants. A correlation between the polarity and the size of the polymeric
surfactants was used to explain the observed enhanced enantiomeric recognition of analytes.
The effect of polydispersity of poly-L-SUL on chiral separation of compounds was
also examined. Centrifugal filtration was used to fractionate the polymeric surfactant into
different molecular weight distribution. The resulting fractions were characterized by use
fluorescence, PFG-NMR, densitometry, and analytical ultra Centrifugation (AUC). The
partial specific volumes of the fractionated and non-fractionated surfactant were determined
by use of a densitometer. The molecular weights were determined by use of sedimentation
equilibrium mode in AUC.

Examination of the separation data obtained from MEKC

experiments indicated that fractionated polymeric surfactants yielded a better chiral

xv

separation. In addition, increase in molecular weight of the fractionated surfactants resulted
in a concomitant increase in enantiomeric resolution.

xvi

Chapter 1.
Introduction to Surfactants, Chirality, and Capillary Electrophoresis
Part I. 1.1. Surfactants
A surfactant is an organic compound, which reduces the surface tension of a liquid
(aqueous or non-aqueous).

Surfactants are commonly referred to as surface-active

agents, emulsifiers, wetting agents, or simply detergents. Surfactant molecules consist of
both hydrophilic headgroup (water-attracting) and hydrophobic tailgroup (waterrepelling) moieties in their structure and are thus referred to as amphiphilic/amphipathic
molecules (Figure 1.1) [1].
hydrophilic headgroup

hydrophobic tailgroup

single
-tailed

double
-tailed

gemini

bolafoam

Figure 1.1. Structures of different types of surfactant monomers.

The hydrophobic tailgroup can be long, short linear or branched hydrocarbon chain
that interacts weakly with the water molecules. The hydrophilic headgroup, which can
either be ionic or non-ionic, usually interacts strongly with an aqueous environment
through a solvation process involving dipole-dipole or ion-dipole interactions.
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Surfactants are classified into four groups: anionic, cationic, zwitterionic, and non-ionic
depending on the charge of the hydrophilic headgroup in aqueous solution [2] (Figure
1.2).
ClN+

Cationic (cetyltrimethylammonium chloride)

Na+
OO S O
O

Anionic (Sodium dodecyl sulfate)

OO S O

Zwitterionic
(3-[(3-cholamidopropyl)dimethylammonio]
-l-propanesulfonate) (CHAPS)

N+
HN
O
OH

Nonionic (n-Docyl-β-D-Glucopyranoside)

OH

O
O

OH
OH

Figure 1.2. Classification of surfactants.

In solution, surfactant molecules self-assemble to form clusters known as micelles through
the micellization process.

The micellization phenomenon is initiated by the imbalance

arising from hydrophobic-hydrophilic interactions of surfactants in the self-association
process. While the hydrophobic tailgroup tends to avoid contact with water, the hydrophilic
headgroup is strongly hydrated. Therefore, the self-association of surfactant molecules into
micelles may be viewed as a compromise between two opposite interactions of surfactant
molecules. The self-association process is concentration dependent. For example, in dilute
solutions, surfactant molecules exist as individual species (monomers). However, as the

2

concentration increases, the monomers begin to aggregate to form micelles depending on
temperature, pressure, and the presence of additives [3]. Micelles are non-covalently bonded
macromolecular aggregates that continually associate and dissociate with the monomeric
forms of the surfactant on a time scale of 10-6 to 10-3 seconds. Micelles typically form at a
well-defined concentration of surfactant known as the critical micelle concentration (cmc).
The cmc is usually marked by sharp transitions in many physichochemical properties in
surfactant solutions (Figure 1.3).

Physical property

critical micelle concentration
(cmc)
Turbidity
Surface
tension

Conductivity

Surfactant concentration
Water-Air
interface

free monomers

micelles forming

micelles

micelles in bulk solution

Figure 1.3. Drastic change of parameters at cmc.

Such physicochemical properties include conductivity (mobility of ions), surface tension
(number of molecules at interface), osmotic pressure (number of particles), fluorescence
(different environment of solute), turbidity (number of particles), and light scattering
(inhomogenuities) [4-7]. The point at which, an abrupt break in the plot of a physiochemical
property versus concentration is the cmc.
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Below the cmc of a given micellar solution, surfactant molecules adsorb on the
liquid-air interface and alter the measured physicochemical property. Above the cmc, any
increase in the surfactant concentration results in the incorporation of surfactant monomers in
the micelles. Therefore, the measured physicochemical property remains constant above the
cmc. At cmc, surfactants usually cluster into spherical aggregates of 50-100 monomer units
above which different micellar structures may be formed [3].
1.1.1. Theories of Micellization
The two main theories which describe the concept of micellization are the phase
separation model and the mass action model [8-10]. The phase separation model assumes the
micelle as a separate but a soluble phase that only appears as the surfactant concentration
reaches the cmc. Therefore, the cmc is considered as a saturation limit of monomer species
and the concentration of the monomers should not increase above that value [8]. Based on
the mass action approach as suggested by Aniansson and Wall, micelles are formed stepwise,
i.e. one monomer at a time. Therefore, the self-aggregation of amphiphiles is described in
terms of stepwise addition of a monomer S1 to form an aggregate given by Sn-1 according to
equations 1.1 – 1.3 [9,10].

S1 + S1 ⇔ S2

K1 =

[S 2 ]
[S1 ]2 ,

1.1

S2 + S1 ⇔ S3

K2 =

[ S 3]
,
[ S 1][ S 2]

1.2

Sn-1 + S1 ⇔ Sn

Kn =

[ Sn ]
,
[ S 1][ Sn − 1]

1.3

4

where S1, refers to one surfactant monomer, S2 to the dimer, and S3 to the trimer. Sn is the
micelle with aggregation number n (n-mer) and K1, K2, and Kn are the respective equilibrium
constants.

Increasing the concentration of the surfactant will shift the equilibrium to the

right (Equations 1.1, 1.2, and 1.3) resulting in an increase in aggregation number and change
in the structure of the micelles (Figure 1.4).

prolate/oblate ellipsoids
free monomers

spherical

lamellar disks

cylidrical rods

Figure 1.4. Changes in micellar structure with increasing surfactant concentration.

From the law of mass action, it is evident that a continuous distribution of micelles of
different sizes is inevitable during micellization [11]. Consequently, conventional micelles
are polydispersed aggregates. Both approaches (mass action and phase separation) are useful
in the demonstration of the micellization phenomena; however, the choice of approach is
often a matter of convenience [12]. Neither of the approaches give a satisfactory conclusion
to the concept of micellization. The understanding of the micellization phenomena and the
5

nature of micellar structures formed is determined by the kinetic and thermodynamic factors
as discussed in the subsequent section.
The kinetics of micellization is based on the lifetime of micellar aggregates, which is
dependent on the rate of formation of the micelle in dynamic equilibrium with monomers.
Each micellar aggregate may fluctuate in size around the vicinity of its mean value by
picking up or releasing some monomers at a time reflected as a fast relaxation process
(milliseconds) [7,9,12]. However, complete formation or dissociation of a micelle via step
by step process is a much slower process [13].
Using the kinetic model of micellization, the concept of cmc is illustrated by use of
Gibbs free energy (G0) of micellization as estimated from equation 1.4:
∆G0 = -RTIn Keq = - RTIn [Sn]/ [Sn-1] [S1],

1.4

where R is the gas constant, T is the temperature in Kelvin scale, and Keq is the equilibrium
constant. As mentioned earlier, the micellization process depends on the balance between
forces promoting and opposing micelle formation.

The hydrophobic tailgroup of the

surfactant in aqueous solution distorts the structure of water via the repulsive forces between
the hydrophobic tailgroups and the water molecules. Consequently, ∆G0 of the surfactant
aqueous solution is increased. In order to minimize the unfavorably large ∆G0, the surfactant
hydrophobic tail groups change their orientation such that the hydrophobic groups are
directed away from the water molecules via a self-aggregation process. Thermodynamically,
the micellization phenomenon is a means of removing water-structure, destroying
hydrophobic groups from aqueous solution, thus minimizing ∆G0. However, the process of
minimizing ∆G0 is opposed by electrostatic repulsion at the ionic surfactant headgroup. A
minimum value of ∆G0 is attained at the cmc.
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The thermodynamics of micellization concerns the distribution of surfactant between
the monomer and the micellar states.

This distribution is determined by the attractive

hydrophobic interactions at the surfactant tail groups and the repulsive interactions at the
charged surfactant head groups. In thermodynamic analysis via cmc measurement, micelles
are regarded as thermodynamically stable entities existing at the most probable size with
surfactant distribution between the monomer and the micellar states (Figure 1.5) [14].

Aggregate

N H2O = X H2O, µ 0

k1

Monomer

k2

N = 1, X mic, µ 0

mic

H2O

Figure 1.5. Surfactant completely dispersed in water and in equilibrium with the
monomer.
At the cmc, the surfactant monomers are in equilibrium with the micelles, i.e., the rate of
association is equal to the rate of dissociation. Therefore, ∆G0 = 0 under the conditions of
constant temperature and pressure for both monomeric and micellar phases. According to the
thermodynamic expression for micellization equilibrium, the standard chemical potential (µ0)
of surfactant molecules in both aqueous (H20) and micellar (mic) states should be the same.
This may be expressed as,
µ0 mic = µ0 H2O.

1.5
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We may then write
Rate of association = k1XH2O;
Rate of dissociation = k2 (Xmic/N) and
k1/k2 = exp [-N (µ0 mic - µ 0 H20)/ kT,

1.6

where XH2O and Xmic represent the concentration of surfactant monomers in water and in the
micelle, respectively. The k1/k2 is the ratio of the two ‘reaction’ rates. Combining the two
rates of reaction gives the following thermodynamic equation,
)µ = µ

mic

- µH2O = (µ0 mic + RT In Xmic) – (µ 0 H2O + RT In XH2O) and
0

)µ = )µ + RT In {(Xmic/XH2O)} = Constant.

1.7
1.8

At equilibrium, )µ= 0; therefore,
0

)µ = -RT In (Xmic/XH2O) and

= -RT In Keq,

1.9
1.10

where Keq is the partition coefficient for surfactant monomers (X) in the micelle and in the
water.
Using the thermodynamic discussion given above, we can explain the interaction of
analytes with a micellar solution. The partitioning of analytes between the bulk water and
the micelles is a dynamic process with analyte partition coefficient defined as;
KP = [S]mic/[S] H2O,

1.11

where [S]mic is the concentration of the analyte in the micellar phase and [S]H2O is the
concentration of the analyte in bulk water. In dilute solutions, the analyte-micelle association
constant is described as the ratio of concentration of the solute bound to the micelle [S•Mic]
divided by the concentrations of the unbound analyte [S] and micelle [Mic];
Kp = [S•Mic]/[S][Mic].

1.12
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1.1.2. Structures of Conventional Micelles
For many decades, there has been a controversy over the actual shapes of micellar
structures. Consequently, a number of micellar structures have been proposed by several
researchers (Figure 1.6).
+
+

_

_

+

_

+

_

+

_

_

+

_

_

+
+

_
+

+

_

_

_
+

+

_

_
+

+

_

+

_

_

+

+

Spherical (Hartley, 1936 )
Lamillar (McBain, 1944)

Disorganized (Menger, 1986)
Rod-like (Debye, 1951)

Figure 1.6. Proposed structures of micelles.
McBain proposed the presence of a substantial aggregation (micelles) in soap solutions and
classified the aggregates as spherical and lamellar [15]. Hartley, whose structure is held with
high esteem, proposed that micelles are spherical and are composed of charged headgroups
(ionic) at the surface and hydrocarbon tailgroups at the interior [16]. According to Debye
and Anacker, micelles are rod-like with hemispherical ends (prolate ellipsoids) but not
spherical or disk-like [17]. After the introduction of nuclear magnetic resonance (NMR),
Menger demonstrated a more realistic structure of a micelle as having a great deal more
disorder than the ‘spokes wheel’ model believed in the past.
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Menger’s NMR studies

revealed that micelles have cavities, multiple bent chain loops, deviations from exact
spherical shape, and contact of terminal methyl groups with water (hydration sphere) [18,19].
In aqueous micellar solution, surfactant molecules are oriented with their polar
headgroups towards the aqueous phase and their hydrophobic tail groups away from the
aqueous phase. In ionic spherical micelles (Figure 1.7), the interfacial region between the
micellar surface and the aqueous solution contains counterions associated with the micelle
forming a Stern layer (electrical double layer).

+
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H2O
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H2O H2O

+

Stern Layer
(a few Å)
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10-28 Å

Solvent

Shell
Gouy-Chapman layer
(up to several hundred Å)

Figure 1.7. Regions of a micelle.

The thickness of the Stern layer is usually 1-5 angstroms and consists of bound surfactant
headgroups, counterions, free water molecules, and water of hydration. Beyond the Stern
layer is the Gouy-Chapman layer, which is a portion of the electrical double layer that
extends into the aqueous phase.

The Gouy-Chapman layer is a thick diffuse layer of

counterions extending toward several hundred angstroms [20]. The micellar structure of
non-ionic micelles is basically the same as ionic micelles, except for the absence of
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counterions in the Stern and the Gouy-Chapman layers. The interior region of the micelle
(ionic or non-ionic) is composed of hydrophobic groups of radius approximately equal to the
fully stretched hydrocarbon chain. The interior region of the micelle is divided into an outer
core, which may be penetrated by water, and the inner core from which water is excluded
[21].

The hydrated outer core is composed of the first few methylene groups of the

hydrophobic chain neighboring the hydrophilic headgroup. This hydrated portion, which is
20-30 angstroms thick, is known as the palisade layer. The inner core is composed of
anhydrated hydrocarbon chain and is viewed as liquid hyrocarbon. The structure of the
micelle in a non-polar medium is the reverse of that in a polar medium (Figure 1.8).

Figure 1.8. Structures of micelles in nonpolar media.

The hydrophilic headgroups face the interior of the micelle, away from the non-polar phase,
while the hydrophobic tailgroups spread out toward the non-polar phase [22].

The

hydrophilic headgroups are held together in the core of the micelle by dipole-dipole
interactions.
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1.1.3. Factors Determining Micellar Structures
Knowledge of the factors that determine micellar structures in aqueous and nonaqueous media is important for application purposes especially, where specific surfactant
properties such as solubilization and viscosity [11, 23-25] are indispensable. Typically, a
subtle balance of the attractive and the repulsive interactions between the hydrophobic and
the hydrophilic groups of the surfactant molecules control the size and shape of micelles.
The self-association of the headgroups determines the shape that the micelle adopts to best
ensure closure of the aggregate to water while minimizing the hydrophobic interaction
between surfactant monomers [26]. In principle, micellar size and shape are sensitively
dependent on the molecular structure of the surfactant, nature of the solvent (temperature,
pressure, ionic strength, presence of additives etc), and concentration of the surfactant
solution. As a result, various shapes of micellar structures may be formed [27].
1.1.4. Polymeric Surfactants
Polymeric surfactants are high molecular weight macromolecules resulting from
polymerization of conventional surfactant micelles at concentrations, which are typically
higher than the cmc [28]. These polymers are designed with a branched, hydrophobic
interior (core) or hydrophilic exterior (shell) to maintain physical properties that are
characteristic of conventional micelles, but with enhanced thermodynamic stability.
should be noted that not all surfactant molecules are polymerizable.

It

Polymerizable

surfactants usually have vinyl groups either at the end of the hydrophilic headgroup or the
hydrophobic tailgroup. The structure of the resulting polymeric micelle is determined by the
concentration, topochemical, and the medium effects of the micellar system as well as the
molecular structure of the polymerizable surfactant [29].
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Topochemical process involves optimal packing of the polymerizable segments of the
surfactant to allow propagation of the conjugated backbone across the surfactant assembly.
The sphericity of the polymeric micelle can be achieved if the concentration of the
polymerizable surfactant is within 3 to 5 multiples of the cmc [30]. Surfactant concentration
that is slightly above the cmc is important because high micellar concentration is necessary
for polymerization reaction rate to proceed to completion in micellar form [29]. However,
the use of higher concentrations of surfactants during polymerization may result in a
polydisperse distribution of polymeric structures. Polydispersity is a measure of molecular
weight distribution. The degree of polydispersity is even larger for polymeric surfactants than
conventional micelles largely because of incompatability between the rates of micellization
and polymerization. For polymerization reactions under topochemical control, a pathway
with minimum amount of molecular movement is usually involved. Therefore, the surfactant
monomers are linked together in a rigid geometrical orientation which results in a polymeric
geometry that closely resembles the monomeric geometry [31]. It is worth noting that the
physiochemical properties of the micellar solution in dynamic equilibrium with surfactant
monomers affect the environment of the polymerizable groups. Consequently, the rate of
polymerization, the structure, and the properties of the resulting polymeric surfactants are
also affected [29].
Polymerizable surfactants with functional groups either at the headgroup or the
tailgroup result in two types of polymeric structures: 1) T-type and 2) H-type. The T-type
surfactant has its polymerizable moiety at the hydrophobic alkyl tail, while the H-type
surfactant has the polymerizable moiety near the hydrophilic headgroup [29]. Consequently,
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the T-type polymers have structures with hydrophobic backbone, whereas the H-type
polymers have structures with hydrophilic backbone (Figure 1.9).

n

hydrophobic backbone

n

hydrophilic backbone

Figure 1.9. Structure models of T-type and H-type polymeric surfactants.

One method of achieving polymerization is by exposing the surfactant to

60

Co γ–

radiation [32] for an optimized length of time. This method is advantageous over other
polymerization methods because no additional initiator is needed and the polymerization can
be carried out at room temperature [33]. Polymerization of surfactants is important for
various industrial applications. For example, polymeric surfactants are widely employed as
primary emulsifiers in the manufacture of paper addivites, in mining, and in chromatographic
separation of analytes in capillary electrophoresis [34,35]. The popularity in the use of
polymeric surfactant systems arises because of the stability imparted by the covalent linkages
at the surfactant tailgroups as compared to the conventional micelles.
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1.2. Capillary Electrophoresis
1.2.1. Introduction to Electrophoresis
Electrophoresis is a separation technique, which employs an applied field on charged
species resulting in a separation due to differential transport through a matrix [36]. Some of
the matrices used are polymer gels, papers, packing, and capillaries [37,38]. The history of
electrophoresis dates back over the last century.

However, the first sophisticated

electrophoretic technique is owed to Arne Tiselius, who won the 1948 Nobel price for his
electrophoretic separation of plasma proteins (albumin) from α-, β-, and γ-globulin [39].
Tiselius developed the “moving boundary” method that later became zone electrophoresis.
In the 1940s and 1960s, electrophoresis became widely developed whereby the isoelectric
focusing and the isotachophoresis techniques emerged [37,38].
capillaries as matrices has evolved over years as well.

Meanwhile, the use of

For example, Hjertén (1967)

demonstrated that it was possible to perform electrophoretic separations in a small diameter
rotating glass tube of 300 µm internal diameter (I.D) and detect the separated compounds by
use of ultraviolet absorption (UV) [40]. In 1979, Evaraerts and Virtanen [41,42] successfully
employed higher voltage on smaller capillaries (200 µm I.D) resulting in higher efficiencies
and shorter analysis times. Capillary electrophoresis became popular in 1981 after Jorgenson
and Lukacs [43-45] published series of papers describing spectacular separations of peptides
in a tiny glass capillary of 75 µm I.D. Later, polyimide-coated silica capillaries superseded
glass capillaries because they are much more robust in use, and more importantly, transmit
UV light.
The present generation of capillary electrophoresis (CE) is characterized by its ability
to resolve a complex aqueous sample into its components with very high resolution by use of
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a high-applied d.c voltage. In addition, the CE instrument is capable of autoinjection in
various modes. A typical schematic of a CE instrumental set-up is illustrated in Figure 1.10.

Capillary thermostatting

Diode-array
detector

Monitor display

Capillary
cartridge

UV lamp
Capillary

HV
Inlet
buffer
vial

Outlet
buffer
vial

Vial Carousel (thermostated)

Figure 1. 10. Schematic representation of a CE separation system.

The basic components are a high voltage power supply (0-30kV), a fused silica (SiO2)
polyimide coated capillary as a separation tube, two buffer vials, two electrodes composed of
inert material (platinum), and an on-line detector (photodiode-array). Resolution of analytes
in CE is accomplished by injecting samples of interest into the capillary filled with buffer
from anode end of the capillary.

Application of voltage across the capillary causes
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electrophoretic mobility of the ionic species in the sample. As the analytes elute at the
negative end of the capillary, the computer generates a plot of absorbance (from the on-line
photodiode UV detector) versus the elution time (electropherogram).
1.2.2. Types of Mobilities in Capillary Electrophoresis
Electrophoretic mobility is the migration speed of an ion in an electric field, and
electroosmotic mobility is the migration due to ions being swept along in a flow arising from
a response of buffer solution to an applied electric field. Typically, when voltage is applied
across a capillary filled with buffer solution, an electric field is generated. This electric field
creates two kinds of forces (electrophoretic and electroosmotic), which influence the
migration of ions in the capillary. Electrophoretic force causes cationic and anionic species
in an electric field to migrate towards the negative and positive electrodes, respectively.
However, as the ions migrate through the buffer solution, they experience an opposing
frictional force (electroosmotic) from the buffer solution, which is responding to the electric
field. Consequently, the rate of migration of ions in an electric field is determined by a
number of factors including the charge/size ratio of the ions and the conditions (pH,
temperature) of the buffer solution.
The velocity (ν) of an ion in buffer solution is the product of the applied electric field
(E) and the electrophoretic mobility, µe, (equation 1.13),
ν = µe E.

1.13

The electrophoretic force is counter balanced by the retarding frictional (electroosmotic)
force hence, the ion almost instantly reaches a steady state velocity where the accelerating
force equals the frictional force, Ff (equation 1.14),
Ff = 6πηr ν.
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1.14

Equation 1.14 is known as the Stoke’s law where r is the hydrodynamic radius of the moving
ion and η is the dynamic viscosity of the buffer solution. The multiple 6πr is the effective
volume of the ion. One should bear in mind that Stokes’ law is only valid for spherical
particles having homologous charge distribution [46]. Generally, the mobility of a molecule
is related to its charge-to-size ratio.
Assuming steady state velocity,
Fe = Ff,

1.15

therefore, electrophoretic mobility, µe, is expressed as,

µe = q/(6πηr ν).

1.16

Because µe = q/f, larger and less charged ionic species will migrate at lower electrophoretic
mobility compared to smaller highly charged species.

In addition, the electrophoretic

mobility of ions decreases as the viscosity (η) of the buffer increases.
The electroosmotic flow (EOF) originates from the inner surface of a fused
silica capillary which is covered with silanol groups (Si-OH). These Si-OH groups are
ionized to silanoate groups (SiO-) when the capillary is rinsed with a buffer at pH > 3.
Therefore, the SiO- groups on the capillary wall attract cations from the buffer solution
forming an immobile electric (Stern) layer adjacent to the capillary surface. However, these
cations are not sufficient to neutralize all negative charges at the capillary surface.
Consequently, a second outer layer of loosely held cations forms what is known as the
diffuse double layer (Figure 1.11). The potential difference between the immobile cations
(inner layer) and the loosely held cations (diffuse layer) is known as zeta potential (ζ). When
a voltage is applied, the cations in the diffuse part of the double layer are attracted towards
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the cathode. The water molecules solvating these cations are also dragged along, causing a
net solution flow known as electroosmotic flow (EOF) Figure 1.12.
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The magnitude of EOF is related to the charge on the capillary-buffer interface (ζ), buffer
viscosity (η), and dielectric constant of the buffer (ε), according to Helmholtz-Smoluchowski
equation 1.17,

µ EOF =

εζ
.
η

1.17

The zeta potential, is largely dependent on the thickness of the diffuse layer and to a small
extent, on the ionic nature of the buffer according to equation 1.18,

ζ =

4πδ e
,
ε

1.18

where δ is the thickness of the diffuse double layer, e is the charge per unit surface area, and
ε is the dielectric constant of the buffer. The EOF mobility of the buffer is given by equation
1.19,

µ EOF =

εζ
.
4πη

1.19

The pH and concentration of the buffer are two main conditions that affect the mobility of the
EOF. For example, in fused silica a capillary, EOF is diminished at low pH because protons
convert SiO– surface back to SiOH, causing a decrease in the zeta potential. The EOF also
decreases with increasing ionic strength due to the collapse of the double layer. The
phenomenon of EOF occurs evenly across the entire capillary diameter because the ions and
water molecules in the buffer system move towards the cathode in a very even manner.
Therefore, the EOF is referred to as ‘plug flow’ because of its plug like shape. A flat flow
profile (Figure 1.13) reduces band broadening of the sample zone in the column and
enhances fast elution rates. Consequently, very high separation efficiencies are observed in
CE as compared to the high performance liquid chromatography (HPLC). In HPLC, the flow
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of the mobile phase through the column is due to pressure from high precision pumping
system.

CE

HPLC

Figure 1.13. Cross-sectional flow profile in CE (EOF) and HPLC (hydrodynamic flow).

Although pressure is applied evenly across the column, the resistance (friction) to the flow
occurs at the column walls. A drag of the buffer at the walls results in a ‘leading edge’ in the
middle of the separated molecules. Consequently, the solutes move at different velocities
across the column resulting in the broadening of the peak and reduced separation efficiency.
Apparent mobility (µapp) of the solute occurs when the electroosmotic mobility (EOF)
is superimposed on the electrophoretic mobility (µe) of the solute molecules. Therefore, the
apparent mobility of a solute is a vector sum of the electrophoretic mobility, µe, of the solute
and the electroosmotic mobility, µEOF, of the solution (equation 1.20).

µapp = µe + µEOF.
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1.20

The apparent mobility can be experimentally measured as a ratio of the effective
length of the capillary and the migration time of the solute. The effective length of the
capillary is the distance from the anode (injector) to the detector. Total length of the
capillary is the length from the anode to the cathode (Figure 1.14). Depending on the relative
sign and the magnitude of the apparent, electroosmotic, and electrophoretic mobilities, the
migration of the analytes in the capillary can occur in co-electroosmotic or counterelectroosmotic direction. For example, cations and anions are separated according to the
differences in their apparent mobilities (Figure 1.14).
N
N

Detector Response

+

N

+

-

N

N

Migration Time (min)

Figure 1.14. Representation of electrophoretic mobility of analytes in CE.
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Cations are attracted to the cathode and move in the same direction as the EOF resulting in µe
and µEOF having the same sign, therefore, µapp

>

µe. Anions are attracted to the anode and

move in the opposite direction of the EOF; therefore, µe and µEOF have opposite signs
resulting in µapp

<

µe. Neutral solutes are not separated as they move in the same direction

and velocity as the EOF. The µe will be zero for neutral solutes, positive for cations, and
negative for anions. At moderate pH values of the buffer (pH >3), the magnitude of EOF is
sufficiently higher than electrophoretic mobility thus giving both cations and anions a net
flow towards the detector, then the cathode. As a result, it is possible to detect cationic and
anionic solutes in a single electrophoretic run (Figure 1.14). Neutral species elute with the
EOF because they are poorly incorporated into the micelle. Some neutral species such as
methanol, mesitylene oxide, formamide, and acetonitrile have been used as EOF markers
because they can be successfully detected by a UV detector owing to the difference in the
refractive index [47,48].
It is desirable to control the EOF, particularly in CE. For example, a high pH results
in a strong EOF that elutes too rapidly causing a fast migration of solutes before any
separation has occurred. Conversely, at low pH, the negatively charged capillary wall can
cause adsorption of cationic solutes through coulombic interactions [49]. In order to avoid
adverse effects of the EOF, a number of approaches have been used to manipulate the EOF
including: 1) addition of buffer modifiers [50], 2) addition of high concentrations of ionic
salts or zwitterionic surfactants [51], 3) adjustment of pH [52,53], and 4) permanent
modification of the capillary surface with wall coatings such as polyacrylamide [54,55].
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1.2.3. Modes of Capillary Electrophoresis
Capillary electrophoretic separation techniques involve application of high voltages
across capillaries, which contain various kinds of separation media such as liquids, gels,
packings, or coatings. Different modes of capillary separation may be attributed to various
kinds of separation media and to the fact that capillary electrophoresis has developed from a
combination of electrophoresis and chromatographic techniques.

The distinct capillary

electroseparation methods include capillary zone electrophoresis (CZE), capillary
isotachophoresis (CITP), capillary isoelectric focusing (CIEF), capillary gel electrophoresis
(CGE), micellar electrokinetic chromatography (MEKC), and capillary electromatography
(CEC). Currently, CZE is the most popular and the most widely used technique in CE. In
CZE, capillary is filled with a buffer and a high voltage is applied across the tube.
Separation of solutes is based on the differences in their electrophoretic mobilities resulting
in different velocities. Separation of both anionic and cationic species is only possible with
the use of a strong EOF, especially with anions of relatively high size/charge ratio. The pH
of the buffer and the applied voltage are two main parameters for optimization in CZE.
The development of MEKC and CEC was necessitated by the failure of the CZE
system to separate neutral and chiral compounds. Both MEKC and CEC are the hybrids of
HPLC and CE techniques. In CEC, open-tubular columns, having a thin film of stationary
phase covalently bound to the inner wall of the capillary, are used to separate neutral and
charged analytes [56]. The analytes are separated by their differential chromatographic
interaction with the stationary phase. When using a CEC system, the separation efficiency is
to a large extent dependent on the rate of the mass transfer that occurs due to the distribution
of the analytes between two phases.

Low mass transfer could lead to severe peak
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broadening. In MEKC, micelles are employed in the operational buffer in the capillary. The
popularity of MEKC is owed to its ability to separate neutral as well as charged analytes.
The separation of neutral analytes is based on the differential hydrophobic interaction with
the micelles (pseudostationary phase) resulting in high selectivities. Therefore, separation
selectivity in MEKC can be controlled by addition of modifiers to the buffer and by choice of
a surfactant. Since MEKC is the method of choice used in chiral separation studies in this
dissertation, the importance of chirality and chiral recognition in MEKC is covered in detail
in the subsequent section.

1.3. Importance of Chirality
The term chirality is derived from a Greek word cheiro (meaning hand). It refers to a
non-superimposible mirror image phenomenon frequently found in nature, e.g., human
hands, eyes, and feet are mirror images of each other (Figure 1.15).
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Figure 1.15. Mirror images of pairs of enantiomers

The importance of chirality was first recognized in the laboratory of the famous chemist,
Louis Pasteur, in late 1850’s [57]. Pasteur reported the stereochemical differences in the
consumption between the dextro (+) and the levo (-) forms of ammonium tartarate by the
mold, Penicillium glaucium. He observed that the dextro-isomer and not levo-isomer was
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readily destroyed by the mold [58]. In principle, chirality requires that the mirror image of a
molecule be non-superimposible on that molecule therefore, axial, planar, and helical
chirality may result. Chirality often results from an asymmetric carbon atom surrounded in a
tetrahedral spatial arrangement by four different substituents. In such an arrangement, the
carbon atom is called a stereogenic center (center of chirality). Although chiral molecules
containing stereogenic carbon centres are by far the most usual, chiral molecules without a
stereogenic center also exist, e.g. helical.
Chirality can be expressed in various ways depending on the factor that causes it. For
example, atropisomerism is a type of axial chirality arising from interconvertible
conformational isomers. Planar chirality arises when a molecule contains a group of bonds
in a plane with the chirality resulting from the arrangement of the out of plane molecules.
Helicity is a special form of chirality that often occurs in proteins, polysaccharides, and
biopolymers due to right-handed (clockwise) or left-handed (counter-clockwise) arrangement
[59]. Most of the compounds in nature posses axial, planar, or helical chirality and exist as
racemic mixtures.
The term enantiomer is used to describe the relationship of two identical molecules
that are mirror images of one another but not superimposible. A 50/50 mixture of left- and
right-handed molecules (enantiomers) is known as a racemate (racemic mixture).
Enantiomers present a great challenge to separate and identify because they possess the same
physical and often the same chemical properties, except for their equal but opposite rotation
of a plane polarized light [60].

Difficult enantiomeric separation processes caused the

importance of chirality to be disregarded in the past century even though the brightest
scientists like Pasteur knew that it could not be ignored.
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Originally, a preferential

crystallization process, which entailed seeding a solution with one enantiomer or by use of a
chiral solvent to create a chiral environment for one enantiomer was employed [61,62].
Unfortunately, the crystallization method was not generally applicable because of lack of
solvents in which different crystals were formed for each enantiomer. In addition, the
crystallization method was tedious as several repetition steps were necessary to obtain a pure
enantiomer.
In 1908, Müller and Abderhalde observed the first pharmacological difference
between enantiomers (epinephrine) [63]. However, heightened awareness of how different
enantiomeric characteristics affect biological activity of molecules, regrettably became very
evident after the use of thalidomide in the 1950s and early 1960s [64]. Thalidomide is a
racemic mixture of two different enantiomers, of which S enantiomer, is responsible for the
drug's adverse effects (teratogen), while R enantiomer is therapeutically beneficial [66,67].
Thalidomide (n-phthalyl-glutamic acid imide), the infamous morning sickness drug caused
serious birth defects and slow death of infants as it interfered with the development of blood
vessels [65]. Since that predicament with the thalidomide drug, the importance of chirality of
drugs has been increasingly recognized and the consequences of using them as racemate or
enantiomer are continually under investigation. Increasing evidence of problems related to
stereoselectivity in pharmaceutical products, food, agrochemical, and electronic industries
led to the intensive research in the development of chiral separation techniques [68-71].
1.3.1. Methods of Chiral Separation
Chromatographic and non-chromatographic methods are currently used in
enantiomeric analysis of chiral compounds. Non-chromatographic methods include nuclear
magnetic resonance (NMR), calorimetry, polarimetry, and enzyme techniques [72]. Non-
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chromatographic methods are used for quantitation of enantiomers but not in separation of
enantiomers. Therefore, non- chromatographic methods are disadvantageous to use, because
they can only be used with pure samples.

A typical analytical problem requires both

separation and quantitation of enantiomers and sometimes the identification of dextro and
levo enantiomers. Simultaneous separation and quantitation of enantiomers can be obtained
by use of gas chromatography (GC) [73], high performance liquid chromatography (HPLC)
[74-76], supercritical fluid chromatography (SFC) [77], and capillary electrophoresis (CE).
Chiral HPLC is superior to GC because of its ability to resolve a wide variety of non-volatile
and thermo-labile compounds, as well as very polar analyte mixtures. In addition, it can
allow for on-line detection and quantitation of both mass and optical rotation of enantiomers
[78,79]. However, chiral HPLC can be time consuming and results in poor separation
efficiency. A vast amount of research in chiral separation in the late seventies and early
eighties eventually paved way for electrokinetic chromatography (EKC), a form of CE. The
major advantages of EKC over conventional chromatographic techniques include use of an
array of chiral selective agents (cyclodextrins, crown ethers, carbohydrates, and surfactants)
[80-83], minimal consumption of mobile phase, sample, and chiral selector. In addition, high
separation efficiency is achieved [84]. Over the last decade, various methods have been
developed for chiral separation using various modes of CE including micellar electrokinetic
chromatography (MEKC).
Chiral separation by use of MEKC was first reported in the eighties when Cohen et al.
[85] employed a synthetic chiral surfactant, N, N-dodecyl-L-alaninate in MEKC to separate
dansyl amino acid enantiomers.
dodecoxycarbonylvaline

(DDCV)

Thereafter, Dobashi et al. [86,87] used Nmonomeric
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surfactant

to

separate

N-3,5-

dinitrobenzoylated amino acid isopropyl ethers. The major advantage with these amino acid
based surfactants is that they are available in both R and S stereogenic configurations and a
variety of amino acids can be substituted at the surfactant head group [88,89]. However,
many separation researchers have taken a considerable interest in the use of polymeric
micelles over non-polymerized (monomeric) micelles.

Non-polymerized micelles are

constantly in a dynamic micellization equilibrium with monomers, which reduces the
efficiency of chiral separations. In addition, high concentrations of monomeric surfactant
(above the cmc) must be used and this may result in problems with joule heating upon the
application of a high voltage [90]. It is also difficult to modify the pseudostationary phase by
use of high concentrations of organic solvents as this can lead to the disintegration of the
conventional micelle [91,92].
The popularity of polymeric surfactants as pseudostationary phases in MEKC is owed
to the rigidity of the micellar structure due to covalent linkage among the monomeric units
and the elimination of dynamic equilibrium. Consequently, any concentration of the
surfactant, even below the cmc can be used and high concentrations of organic solvents can
also be used as modifiers [93-98].
1.3.2. Mechanism for Chiral Recognition
Separation of enantiomers from a racemic mixture is a challenging but an important
field of molecular recognition. The problem with enantiomeric separation is that in an
achiral environment, enantiomers display identical physical and chemical properties. In
order to distinguish between two enantiomers, a chiral selector must be introduced into the
separation media. In addition, the chiral selector must be compatible in size and structure to
the racemate for the separation to occur. The interaction of the chiral selector with the
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enantiomers of the solute results in the formation of two transient or long-lived
diastereomers, which differ in their thermodynamic stability, solvation in the mobile phase,
or binding of the complex to the solid support. These differences in thermodynamic stability,
solvation, and binding will occur provided that at least three active points of the chiral
selector participate in the interaction with the corresponding sites of the solute molecule.
The mechanism of chiral recognition is inadequately understood because of the
multiplicity and complexity of the interactions of the enantiomers to be separated with the
chiral selector.

However, the idea of three-point interaction described by Easson and

Stedman [99] is compulsory for chiral recognition to occur. The rule proposes that chiral
recognition depends on the degree of the interaction exhibited between each enantiomer and
the chiral selector. One enantiomer (eutomer) should interact simultaneously with all three
sites and at least one of the three interactions should be stereochemically dependent.
Conversely, the other enantiomer (distomer) should only achieve two of these interactions
due to spatial restrictions. While a three-point interaction is possible at A-A, B-B, and C-C
for eutomer, the distomer can only have two-point interaction at A-A and C-C with the same
chiral binding site (Figure 1.16) [100].
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Figure 1.16. Three-point interaction rule for chiral recognition.
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In Figure 1.16, chiral recognition depends on the absence of B-B fit conjunction with
the other two interactions. The interactions at the three points can be both attractive and
repulsive. Multiple modes of interactions that could be possible include dipole-dipole bonds
e.g. hydrogen bonding, which involves secondary amine and carbonyl groups of the chiral
selector with the hydroxyl, acidic, and amino groups of the analytes. Steric interactions
arising from the bulky non-polar groups attached near the chiral center of the chiral selector
provide conformational control, which is necessary for chiral separation.

Interactions

between electron pair π-donor and π-acceptor aromatic rings of racemic analytes and the
chiral selectors as well as ion-dipole bonds, and Van der Waals forces play a remarkable role
in chiral recognition. It should be noted that not all interactions between the enantiomer and
the chiral selector will meet the three point criterion. The total enantioselectivity can depend
strongly on composition, temperature, and pH of the mobile phase. Therefore, optimization
of the separation media should be accomplished in order to maximize the three-point
interactions for chiral separations.

1.4. MEKC Theory
The initial pioneering work in the separation of analytes in MEKC was performed by
Terabe et al [101,102]. The buffer solution employed in MEKC contains either a monomeric
surfactant at a concentration above the cmc or a polymeric surfactant at any concentration.
Separation of analytes in MEKC is based on both electrophoresis and partitioning between
the running buffer (aqueous phase) and the micelles (micellar phase).
Different analytes have different electrophoretic mobilities and partition capabilities
in the micellar phase. The partition coefficients of analytes between the aqueous and the
micellar phase are largely determined by their hydrophobic properties. The hydrophobic

31

analytes are more easily partitioned into the micellar phase than the hydrophilic analytes
because of the hydrophobicity of the micellar core. Therefore, the hydrophobic analytes
usually have larger retention factors (k) than the hydrophilic analytes. The primary force for
this partitioning is hydrophobic interaction between the solute and the micelles. Neutral
analytes are separated based on their partition coefficients into the micellar phase. The
degree to which neutral or charged analytes partition into the micellar phase gives rise to
differences in the migration times and hence, desirable resolutions may be achieved (Figure
1.17).
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Figure 1.17. Interaction and retention of analytes in MEKC.

One of the challenges in MEKC is the improvement in the resolution of analytes via
selectivity or efficiency enhancement without significantly increasing analysis time or
operating currents. The use of additives incorporated into the buffer solution has been
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utilized to obtain better separations [103,104].

However, such separations have been

obtained at the expense of increased analysis time, or decreased efficiencies, or both. A
number of additives that have been used include: cyclodextrins, crown ethers, vesicles,
microemulsions, and organic solvents such as alcohols, acetonitrile, and acetone [68,70,71].
1.4.1. Separation Parameters in MEKC
The success of an analytical separation of two analytes (1 and 2) is described by its
resolution (Rs) defined as:
Rs =

t 2 − t1
,
2( w1 + w2)

1.21

where migration time (sec) of analytes 1 and 2 is given by t1 and t2 and the peak widths of
signals are given by w1 and w2, respectively. From this equation, a number of parameters
that affect chromatographic resolution such as migration time (electrophoretic mobility),
selectivity, and efficiency are included. Increasing the effective mobility difference, which is
a measure of selectivity, can increase the difference in migration time of analytes 1 and 2. In
order to optimize resolution, the difference in migration time of analytes 1 and 2 should be
maximized and the respective peak widths should be minimized. Band broadening, which is
characterized by wide peak widths, is described by the separation efficiency (N). The
general equation for efficiency is given by equation 1.22,
N=

L
,
H

1.22

where L is the effective capillary length and H is the plate height. The plate height is the
measure of the individual effects contributing to the band broadening of the chromatographic
peaks. However equation 1.22 assumes longitudinal diffusion as the only source of band
broadening but, practically, several factors increase the theoretical plate height (H = L/N) and
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contribute to band broadening in MEKC. The true band broadening is the sum of all the
dispersive factors estimated by equation 1.23,
σ2total = σ2inj + σ2diff +σ2det + σ2 temp+ σ2 ads + σ2conc + σ2 EOF +σ2τ ,

1.23

where the subscripts, respectively, refer to dispersion processes of injection, diffusion,
detection, temperature, adsorption, concentration/electromigration, electroosmosis, and time
constant of the detector.
It is worth noting that in any voltage driven system, joule heating is an inevitable
cause of dispersion. Joule heating is described as a frictional heating resulting from the
relative movement of ions through solvent molecules.

Consequently, due to the outer

boundaries of the capillary dissipating heat faster than the center section, a laminar like flow
of the buffer results.

The difference in thermal dispersion in the capillary causes a

temperature gradient and a viscosity gradient giving rise to unwanted band broadening. The
resolving power of a buffer in MEKC can be greatly improved by limiting the effects of joule
heating as well as other dispersion forces. Unfortunately, minimizing the dispersion forces
will not resolve two analytes that have the same mobility. For this reason, any two analytes
having the same mobilities must have different selectivities to the micellar phase.
The migration behavior of analytes in the micellar phase can be quantitatively
determined by use of the retention factor (k’). The retention factor is the ratio of total moles
of the analyte in the micelle to the total moles of the analyte in the aqueous phase. In MEKC

k’ is expressed by equation 1.24,
k’ = nm/naq ,

1.24
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where nm and naq represent the total number of moles of solutes in the micellar and aqueous
phases, respectively. For neutral analytes, k’ is calculated from migration time data by use of
equation 1.25 [102].

k’ =

k’ =

tr − t0
⎛1 − t r ⎞
⎜
t m ⎟⎠ t
⎝

tr − t0
t0

tm →∞,

1.25

0

,

1.26

where tr, t0, and tm are the migration time of the sample solute, solute entirely excluded from
the micelle, and the solute totally included in the micelle, respectively. For charged analytes,

k’ is influenced by the apparent electrophoretic mobility. Therefore, k’ for charged species is
calculated by use of equation 1.27 [105].
⎛
⎞
⎜ (t − t ) ⎟
r
ion
⎟,
k’ = ⎜
⎜⎜ t ion (1 − t r ) ⎟⎟
tm ⎠
⎝

1.27

where tr and tion are the migration times of the solute in the presence and absence of the
micelle, respectively.
The migration time of the micelle (tm) is generally measured by use of micelle
markers such as Sudan III, Orange OT, Yellow OB, anthracene, and timepidium bromide
[106].

In MEKC, the optimum value of the retention factor is 2.0 for the maximum

resolution [101]. A k’ range of 0.5-1.0 is usually recommended under predictable conditions.
However, k’ value often exceeds 10 for hydrophobic compounds because they tend to be
included in the micelle with high retention ratios. In MEKC, the ratio of the retention factors
is used to determine selectivity.
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Selectivity in MEKC is determined by the differences in the mobilities of the
analytes. These mobilities are dependent on the charge/size ratio of the analyte and the
viscosity of the buffer. A number of experimental parameters that are considered important
in influencing the separation and the selectivity in MEKC are buffer pH, concentration of the
chiral selector, type/structure of chiral selector, charge on the micelle, molar ratio in the case
of mixed micelles, and temperature [107]. Selectivity can be expressed as the difference in
migration time between two analytes as they pass through the detector. This difference in the
migration time is influenced by the partition coefficient of the analyte between the micellar
phase and the aqueous phase. In addition, the charge on the analyte will not only determine
the electrophoretic mobility, but also the degree of ionic interaction with the micelle. The
selectivity for analytes in MEKC is described by the equation 1.28,

α=

k '2
,
k1

1.28

where k2 and k1 are the retention factors of the first and second eluting compounds,
respectively. From equation 1.28, it is apparent that an increase in the difference in the
electrophoretic mobility of two analytes will result in higher selectivity values.

1.5. Chiral Selectors in MEKC
A chiral selector is an optically pure compound that has at least one chirality element
(chiral center) and functional groups configured in a way that can allow spatially dependent
interactions with the chiral analytes. Therefore, chiral selectors must be compatible in size
and structure to the racemate in order for chiral recognition to occur. In MEKC, a chiral
selector is simply added to the buffer to form a pseudostationary phase. The resulting
interaction between the pseudostationary phase and the enantiomers will depend on the
stability of the diastereomeric complex formed. Typically, the chiral selector added to the
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buffer will create a difference in the net electrophoretic mobility of the resulting
diastereomeric complex of the enantiomer and the free enantiomer.

Consequently,

optimizing the difference in the electrophoretic mobility between the two chiral analytes will
evidently maximize a desired enantioselectivity. This selectivity can be tuned by adjusting
the type and the concentration of the chiral additive. A number of chiral selectors have been
utilized in MEKC including pseudostationary phases such as cyclodextrins (CDs)
[73,108,109], crown ethers [109], macrocyclic antibiotics [110,111], calixerenes [112], and
dendrimers [113-115].

Proteins [113,116], bile salts [107,117,118], liposomes, vesicles

[119-121], and micelles [122,123] have also been used as chiral selectors. Figure 1.18 shows
structures of some chiral selectors.
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Figure 1.18. Examples of some chiral selectors.
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Liposomes

1.5.1. Methods of Modifying Micellar phase in MEKC
Micelles and cyclodextrins are the most frequently used pseudostationary phases in
MEKC, either as single systems or as CD-micelle mixed systems. The CDs are non-ionic
cyclic oligosaccharides consisting of six, seven, or eight glucose units [124]. The CDs have
the shape of a hollow truncated cone with a cavity diameter that is determined by the number
of glucose units.

The cavity is relatively hydrophobic while the external surface is

hydrophilic. The circumference contains chiral secondary hydroxyl groups. Chiral selectivity
results from inclusion of a hydrophobic portion of the solute in the cavity and also from
hydrogen bonding to the chiral hydroxyl groups.

The flexibility of CE allows the

modification of chiral selectors in order to alter interactions of analytes and enhance
separation. Altering the surfactant type or changing the size, charge, or geometry of chiral
selectors can improve separations.
A practical strategy for a successful enantiomeric separation of chiral compounds is
to exploit the differential interaction of the enantiomers with the chiral selector. Differential
interaction of the chiral compounds with the chiral selector can be manipulated by tuning the
factors that affect selectivity. For example, the microenvironment and the structure of the
pseudostationary (micellar) phase play a leading role in a successful separation of analytes in
MEKC. Therefore, modification of the micellar phase or the aqueous phase can result in
differential partitioning of analytes [125,126].
One approach to manipulating micellar structure is to add organic modifiers e.g.
methanol, tetrahydrofuran, and acetonitrile [125-128], which preferentially remain in buffer
solution surrounding each micelle.

The addition of organic modifiers into the buffer

improves the solubility of hydrophobic compounds by reducing their distribution into the
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micelles and modifying interaction between micelles [129]. The selectivity of analytes is
altered through the interaction of organic modifiers with the capillary wall resulting in slow
EOF hence, extension of the elution window. The retention factor of the analytes of interest
is also altered as the polarity of the mobile phase is reduced [130].
Another approach to manipulating micellar structures is to add organic additives,
which preferentially reside in the micellar core [131-133].

Solubilization of organic

additives such as octanol, into the micelles may expand micellar core volume and can assist
in the separation of hydrophobic analytes by altering their retention in the micelles [125,146].
Depending on the nature of the additive, retention of analytes can be based on
hydrophobicity, hydrogen bonding, or ion attraction. Different counterions at the surfactant
headgroup [134] and mixed micelles [135-138] have also been used to alter micelle structure.
In particular, different counterions influence selectivity based on their ionic strength and the
migration behavior. The ionic strength is in turn determined by the concentration and the
charge of the ion and may affect separation efficiency at any given voltage due to joule
heating. Mixing structurally different ionic or non-ionic surfactants can form a large variety
of mixed micelles. For example, anionic-cationic [139], anionic-nonionic [140,141], anionicanionic [142,143], anionic-zwitterionic [144] systems have been tested in MEKC and shown
to improve selectivity as compared to single surfactant systems. A difference in selectivity is
achieved by varying the micellar composition while keeping the total micelle concentration
constant [145]. Tailoring the micellar environment in this manner can generate analytemicelle interactions of desirable selectivity.
In MEKC, micelles in aqueous solution provide a transient hydrophobic environment
different from bulk water, in which discriminative interactions of analytes may occur. When
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an analyte is incorporated into the micelle, three types of interactions are possible [147,148]
(Figure 1.19). First, the analytes may be adsorbed onto the surface of the micelle by
electrostatic or dipole interaction (A); second, the analyte may behave as a co-surfactant by
participating in the formation of the micelle (B); and third, the analyte may be incorporated
into the core of the micelle (C).

C
B

A

Figure 1.19. Schematic of interaction between three types of analytes (A, B, and C) and
an ionic micelle.
The effect of changing the surfactant structure on the selectivity of analytes differs
according to the type of interaction involved. For example, highly polar analytes will be
mainly adsorbed onto the surface of the micelle unless these analytes are substantially
hydrophobic as a whole. In such a case, the surfactant polar group in the micellar surface has
a greater effect on the separation selectivity than does the hydrophobic groups of the
surfactant in the micellar core. Polar analytes having both hydrophilic and hydrophobic
groups in the molecule may behave as co-surfactants.
The separation mechanism in MEKC is based on the distribution of the analytes
between a pseudostatioanry micellar phase and an aqueous phase. Therefore, modifying the
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mobile phase or the micellar phase can result in differential partitioning of analytes in either
phase. A superior chromatographic performance of modified pseudosationary phase may
hence be observed.

Structural elucidation for modified micelles is imperative in

understanding analyte-micelle interactions. Consequently, various techniques were used to
confirm the structural changes in the modified polymeric surfactants employed in the
research presented in this dissertation.

Part II. 1.6. Background on the Employed Characterization Techniques
1.6.1 Surface Tensiometry
Surface tension is an intermolecular force of attraction between adjacent molecules
(Figure 1.20 A), expressed in force per unit width, as dynes/centimeter (dynes/cm) or
milliNewtons/meter (mN/m) [149]. At 200C, water has a high surface tension in the range of
72.8 dynes/cm, while alcohols are in a low range of 20 to 22 dynes/cm.
A

A ir
L iq uid

B

A ir
L iq uid

Figure 1.20. Effect of surfactant molecules on the surface tension of water.
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The surface tension of water is affected by temperature, pressure, the presence of additives,
and surfactants. Surfactant molecules arrange at the surface of the water such that the
hydrophilic part interacts with the water and the hydrophobic part is held above the surface
of water. The presence of surfactant molecules on the surface disrupts the cohesive energy of
the water molecules hence, lowers the surface tension (Figure 1.20 B). The Du Noüy ring
and Wilhelmy plate methods are the two most common techniques used to determine the
surface tension at a liquid-air interface, or interfacial tension at a liquid-liquid interface. The
most convenient method of measuring the surface tension is by use of the Du Noüy ring
tensiometer [150]. The ring is made of platinum because this metal resists chemical action
and is wetted by most liquids.
The principle of the technique is based on the force necessary to pull the ring away
from the surface of a liquid solution under investigation. When the ring is pulled out from the
liquid, the force is directed to the ring (Figure 1.21).

Maximum force (F) needed to pull
the ring from the liquid

Platinum
ring

Meniscus

Figure 1.21. Surface tension measurement.
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The maximum point of force /length is the surface tension of the liquid. The change in the
surface tension of an aqueous solution with the increasing concentration of the surfactant is
used to determine the critical micelle concentration (cmc). The cmc is characterized by a
break in a plot of the surface tension versus the concentration of the surfactant.
1.6.2. Fluorescence Spectroscopy : Environmental Sensitivity
Fluorescence is a form of photoluminescence in which, absorption of light of a given
wavelength by a fluorescent molecule is followed by the emission of light at longer
wavelengths (Figure 1.22).
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Generally, photoluminescence (fluorescence and phosphorescence) result from the emission
of photons after an electronically excited organic molecule relaxes to a lower energy level.
While the molecule is in the excited state, S1 (1-10 nanoseconds), it undergoes
conformational changes and interacts with its environment in various ways before rapidly
relaxing to the lowest energy level S0. However, not all excited molecules return to the
ground state via photoluminescent processes [151].
Many other processes that can remove molecules from the excited state include,
intersystem crossing (collisional quenching) and vibrational relaxation.

Fluorescence

emission is a very rapid process (10-5 seconds) and occurs only while the fluorescent species
is being irradiated.

Conversely, phosphorescence emission is a slow process (10-3-10

seconds) and occurs even after the source of irradiation has been shut off. Phosphorescence
decay is similar to fluorescence, except that the electron undergoes a conversion into a
“forbidden” triplet state instead of the lowest singlet state.

In principle, fluorescence

spectroscopy is a very versatile detection technique that has three major advantages over
other light-based analytical methods namely, high sensitivity, high speed, and safety [152155].
A number of surfactant parameters namely, micropolarity, microviscosity, cmc, and
aggregation number have been elucidated by use of fluorescence spectroscopy. In this
dissertation, the structural information of the modified polymeric micelles was obtained by
use of pyrene to determine the micropolarity of the micelles.

Pyrene is a non-polar

polyaromatic molecule with a modestly low solubility in water (6 x 10-7 M) [156], and thus
used as an invaluable probe employed in monitoring polarity changes in the micelles. The
polar environment surrounding the probe molecule, which is solubilized in the micelles, is
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termed as the micropolarity. The fluorescence spectrum of pyrene monomer posseses a
vibrational band structure which, due to the Ham effect [157], exhibits a strong sensitivity to
the polarity of the environment. Ham effect is explained in terms of the non-covalent
interactions of the dipole moment of the excited fluorophore and the solvent molecules [158].
The electronically excited pyrene molecules have larger dipole moments than those of the
corresponding ground state species. Therefore, upon absorbing a photon, pyrene creates a
dipole that perturbs the solute/solvent structure [159].
The relative intensities of pyrene peaks at 372 and 382 nm (I1 and I3, respectively)
undergo significant changes when pyrene is put in solutions of different polarities. In
particular, I1 increases with solvent polarity, while I3 remains essentially unaffected. For
example, I1/I3 ratio increases from 0.60 to 1.95 in going from cyclohexane to water [160]
(Figure 1.23).

Polarity = I1/I3

Intensity / a. u

Water = 1.95

Ethanol = 1.45

Cyclohexane = 0.65

Surfactant

Methyl
cyclohexane = 0.60
Water

Emission Wavelength/nm

Figure 1.23. Fluorescence spectrum of pyrene, [Pyrene] = 10-6-10-7 M.
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The intensity of pyrene I1/I3 ratio changes with the surfactant concentration in
solution. As the concentration of the surfactant is increased above the cmc, the non-polar
pyrene molecules partition into the micelles, and, as a result, I1/I3 decreases to about 1.2 as
compared to 1.95 in water[161]. It is revealed (Figure 1.23) that not only does the I1/I3 ratio
change as pyrene is transferred from water into the micelle, but the total fluorescence
intensity of pyrene incorporated in the micelle is larger than in the water. This observation is
explained by the fact that the lifetime of the excited state of pyrene in the water is shorter
than the fluorescence lifetime of pyrene molecules solubilized in the hydrophobic
environments [162]. Consequently, the I1/I3 is a quantitative measure of micropolarity. The
total fluorescence intensities provide information concerning the ‘packing’ of the surfactant
monomers in a micelle. For instance, if the hydrocarbon chains of surfactant monomers are
closely packed, water is largely excluded from the core and the total fluorescence intensity is
high and vice versa.
1.6.3. Centrifugal Filtration
Centrifugal filtration is a purification process by use of a semi-permeable filter (membranes)
and pressure from centrifugal force to separate molecular species based on size [163,164]. A
centrifugal filter consists of a sample filter unit and a filtration collection tube. The sample is
loaded in the filter unit, which is then put into the collection tube. An appropriate filter can
be chosen to retain molecular species of interest. A wide range of molecular weight cut off
(MWCO) filters is available. The MWCO is a way of expressing the size of the pore in the
membrane. The membrane of any given MWCO will retain 90% of the molecules of that
size or larger in solution. The filtration units are made of regenerated cellulose and cellulose
triacetate membranes, although alternative filters such as fast flowing polyethersulfone are
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also available. These membranes have extremely low sample absorption that can lead to
high sample recoveries. In a typical centrifugal filtration process, the filter unit and the
collection tube are put in the centrifuge and spun at an appropriate speed (Figure 1.24).
Centrifugal Force

Filter
(defined pore size)

Collection tube

rotation axis

Figure 1.24. Schematic representation of centrifugal filtration set up.

1.6.4. Pulsed Field Gradient-Nuclear Magnetic Resonace
Pulse field Gradient (PFG) is a short change in magnetic field (B0) with respect to
distance and is usually applied in the Z directions, although X and Y pulse field gradients
also exist. The fundamental importance of nuclear magnetic resonance (NMR) in chemistry
lies on the evident direct relationship between any given NMR experiment and the structural
molecular information. Nuclei such as 1H, 13C, and 31P possess a magnetic dipole moment,
which can be manipulated in the NMR experiments [165]. In a homogeneous magnetic field,
these nuclear spins precess at larmor frequency according to equation 1.29,
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ωo = γBo,

1.29

where ωo is the larmor frequency, γ is the gyromagnetic ratio, and Bo is the strength of the
magnetic field. The overall magnetic moment of a sample containing these nuclei will orient
parallel to an external magnetic field Bo. During the application of a PFG, the magnetization
is dephased due to an induced change in the phase angle for each spin at a specific Z
coordinate. This change in phase can be described by equation 1.30,
φ(Z) = γ gzzt,

1.30

where γ is the gyromagnetic ratio, φ(Z), and gz are phase change and the gradient strength at
position z, respectively.
Since molecules in solution are in constant motion (rotational and translational
motion), self-diffusion is used to measure the translational motion of a molecule. The selfdiffusion of a molecule is related to molecular size according to Stokes-Einstein Equation,
D = kT/f,

1.31

where k is the Boltzman constant, T is the temperature, and f is the friction coefficient. For a
spherical particle of hydrodynamic radius, rs, in a solvent of viscosity, η, the friction factor is
given by equation 1.32,

f = 6πηrs.

1.32

By use of actively shielded probe heads, PFG-NMR can be employed to resolve many
chemical questions such as translation diffusion. The self-diffusion property of a molecule is
then used to determine the sizes of molecules in solution by monitoring the attenuation of the
NMR signal resulting from the diffusing molecules.
In a diffusion experiment, a gradient is applied immediately after the first 90 0 pulse
has been executed. As a result, the molecular spins experience a change in the phase angle
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proportionate to the amplitude of the applied gradient. After a time, ∆/2, a 180

0

pulse is

applied, which refocuses the chemical shifts. The molecules are then allowed to diffuse for a
period of time, ∆, before a second gradient is applied.

This second gradient allows

magnetization to be refocused and the free induction decay (FID) to be subsequently
recorded. While the spins are allowed to move during the diffusion time, ∆, the net total
phase change after the second gradient summed over the entire sample will not be zero.
Therefore a decrease in the intensity of the signal is observed (Figure 1.25) [166].
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Figure 1.25. PFG - NMR sequence.
In order to effectively measure the diffusion coefficients, a series of experiments with
varying gradient strength are recorded. Typically, intensity of the signals should decrease
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with increasing gradient strength (Gz). The decrease in signal intensity as a function of
gradient strength is given by equation 1.33,

I(q) = Ioe-D[(γgδ)2∆ - δ/3],

1.33

where D is the diffusion coefficient, ∆ is the diffusion time, γ is the gyromagnetic ratio, g is
the amplitude of the applied gradient, and δ is the duration of the applied gradient. A plot of
I (q) versus [(γgδ)2∆ - δ/3] yields an exponential decay curve, which is fitted to obtain the
diffusion coefficient.

1.6. 4. Analytical Ultracentrifugation
The molecular weight and the thermodynamic properties of the polymeric surfactants
can be determined by use of an analytical ultracentrifuge (AUC). Polymeric surfactants
depict a non-ideal behavior because of a dispersed molecular weight distribution [167].
Techniques such as gel permeation chromatography could not be used to determine the
molecular weights due to lack of appropriate standards for non-ideal species. Conversely,
mass spectrometry provides rigorous measurements of monomer molecular weight; however,
the molecular weights of the polymeric surfactants would not be obtained because of the
fragmentation of the covalent linkages at the tailgroups.
In AUC, any dispersed solute particles can be subjected to analysis as long as they
sediment or float in the sedimentation field. Sedimentation is the state at which the total
potential of any particle in solution being centrifuged is constant and the temperature is
uniform throughout the cell [168]. Sedimentation velocity and sedimentation equilibrium are
two experiments that can be performed in an analytical ultracentrifuge. The data can be
analyzed to obtain sedimentation coefficients, diffusion coefficients, frictional coefficients,
molecular weights, and to characterize dynamic equilibrium for interacting macromolecules.
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Sedimentation equilibrium experiment is insensitive to the shape, but is sensitive to the
molecular weight of the sample being studied.
In the sedimentation equilibrium experiment, a small volume of initially uniform
solution is centrifuged at a moderate speed lower than the speed required for the
sedimentation velocity experiment. Under these conditions, the solute begins to sediment
towards the bottom of the cell, thus resulting in increased concentration at the bottom of the
cell. Consequently, the gravitational field generates a concentration gradient in which, the
process of diffusion opposes the process of sedimentation. After an appropriate period of
time, the two opposing forces reach an equilibrium known as sedimentation equilibrium.
The sedimentation force increases with radial distance while the diffusion force increases
with concentration gradient (Figure 1.26).

Concentration

.

Sedimentation

Diffusion

Radius
Figure 1.26. Schematic representation of sedimentation equilibrium.

51

The measurement of the solute concentration at different time points leads to the
determination of the molar weight of the sedimenting solute. Since both sedimentation and
diffusion depend upon the same shape parameters, any contribution of the profile that is due
to shape cancels out at equilibrium. Therefore, the equilibrium distribution depends only on
the buoyant molecular weight of the sample. In the presence of a dispersed molecular weight
distribution of solutes, each of the solute will be distributed over the solution until
sedimentation equilibrium is attained. Consequently, higher molecular weight species will
be located towards the bottom of the cell, while the lower molecular weight species will
dominate the top of the cell. The determination of the molecular weight of species in
solution is then determined after the respective partial specific volumes have been obtained.
At sedimentation equilibrium, particle transport processes cease to exist. Therefore,
molecular weights will be derived independently of sedimentation and diffusion constants.
In a thermodynamically ideal case, the molecular weight of a polymer is calculated by use of
equation 1.34,
In

Mω 2 (1 − ρ * Vbar )(rb2 − ra2 )
Aa
=
,
2 RT
Ab

1.34

where, Aa and Ab , respectively represent the absorbance at the two radii, ra (meniscus), and

rb (any position in the cell); M is the molar mass of the solute; ω is the angular velocity; ρ is
the solvent density; Vbar is the partial specific volume; R is the ideal gas constant; and T is
the temperature in Kelvin. All of the above parameters can be obtained from the AUC
experiment except the partial specific volume (Vbar). By definition, Vbar is the increase in
volume when 1 gram (mole) of the dry solute is dissolved in a large volume of the solvent so
that there is no significant change in the composition of the solvent. For example, adding
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one mole of NaCl to a saline ocean! Conceptionally, Vbar (Partial specific volume) is
mathematically expressed by use of partial derivatives according to equation 1.35,

Vbar = (

∂V
) T, P, g.
∂g

1.35

The Vbar is used in the calculations instead of the exact volume V, because the exact volume
of a particle is a problematic quantity to measure. In order to know the amount of volume
change in a solution upon adding a gram (mole) of a given component, the method of
intercepts is employed. In the method of intercepts, the inverse of solution density (i.e., V/(g1
+ g2) is plotted against weight fraction of solute (i.e.,g2/g1+g2), where, g is the mass in grams,

V is the volume of the solution, the subscripts 1 and 2

represent solvent and solute,

respectively. Basically, the densitometry technique is employed to determine the density of a
series of solution of interest. A series of solutions at various concentrations (by weight) is
prepared. Eight density measurements for each sample are ideal to give a smooth curve
obtained from a plot of inverse density (ρ-1) versus weight fraction (w2) through which a
tangent can be drawn. The Vbar value is obtained at a point of intersection between the
tangent and the curve.

1.7. Scope of This Research
The research work presented in this dissertation focused on synthesis, modification,
and characterization of amino acid based polymeric surfactants. The quest for enhanced
enantiomeric recognition of chiral compounds in micellar electrokinetic chromatography
(MEKC) led to the modification of polymeric surfactants as pseudostationary phases. The
idea of modifying polymeric surfactants used as pseudostationary phases in MEKC is not
new. However, in this dissertation, four novel methods of modifying polymeric surfactants
are described sequentially from chapter 2 to chapter 5. The characterization of the modified
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polymeric surfactants led to the understanding of the structural changes which, resulted in the
observed superior chromatographic performance in MEKC.
Structural changes in the modified polymeric surfactants were elucidated by use of
five techniques described in chapter 1.

While surface tensiometry was used in the

determination of the critical micelle concentration (cmc), fluorescence was used in the
determination of polarity. Analytical ultracentrifugation (AUC) and pulsed field gradient –
NMR (PFG-NMR) were used in the determination of molecular weight and hydrodynamic
radius, respectively. The partial specific volume and the purity of the modified polymeric
surfactants were respectively, elucidated by use of densitometry and elemental analysis.
Finally MEKC was used to determine the chromatographic performance of the modified
polymeric surfactants in resolving the chiral analytes of interest. The resulting structural
properties of the modified polymeric surfactants presented in chapter 2, 3, 4, and chapter 5
evidently had decisive influences on the enantiomeric separation observed in MEKC data.
The effect of alkali metals (Li+, Na+, K+, Rb+, and Cs+) counterions on enantiomeric
separation of five chiral analytes namely: (±) 1,1’-bi-2-naphthol, (±) 1,1’-bi-2-naphthyl-2,2’diyl hydrogen phosphate, 1,1’-bi-2-naphthyl-2,2’-diamine, benzoin, and benzoin methyl
ether are described in chapter 2. Undecelenyl-L-Leucinate (UL) surfactant was prepared by
separate incorporation of alkali metal hydroxides during the synthesis, resulting in LiUL,
NaUL, KUL, RbUL, and CsUL surfactants. The resulting surfactants were polymerized and
characterized. The chromatographic performance of the modified surfactants in MEKC was
explained in terms of structural changes resulting from the use of different counterions.
The influence of alcohols on the enantioselectivity of sodium undecenoyl-L-Leucinate
(SUL) surfactant is described in chapter 3.
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Various concentrations of hexanol and

undecelenyl alcohol were separately added to 50 mM SUL surfactant and polymerized. The
modifiers were extracted from poly-L-SUL after polymerization and the modified surfactants
were characterized before they were employed in MEKC. In this study, the purity of the
modified poly-L-SUL was determined by use of elemental analysis. The chromatographic
performance of the alcohol modified surfactants was explained in terms of the modifierinduced structural changes of polymeric surfactants.
Chapter 4 describes a method of narrowing the polydispersity of sodium undecanoylL-leucinate polymeric surfactant (poly-L-SUL).

Polymeric surfactants are generally

polydispersed species due to incompatibility in the rate of micellization and polymerization.
Polydispersity can lead to adverse effects on chromatographic performance of polymeric
surfactants due to non-unifom rates of mass transfer, hence, resulting in band broadening. In
this chapter, polydispersity of poly-L-SUL was minimized by use of different molecular
weight cut off filters in a centrifugal filtration process.

The fractionated polymeric

surfactants were characterized and utilized as pseudostationary phases in MEKC.

The

differences in chromatographic performance of fractionated and non-fractionated polymeric
surfactants were compared in MEKC.
The effect of using Triton X-102 as a spacer of poly-L-SUL used in enantioseparation
of chiral compounds in MEKC is described in Chapter 5. Various concentrations of Triton
X-102 was added to SUL surfactant and polymerized.

The resulting poly-L-SUL was

dialyzed and characterized before it was employed in MEKC. Explanation for remarkable
improvements in separations obtained by use of TX-102 modified poly-L-SUL in MEKC was
based of characterization results. Finally, the conclusions and future studies of the work
completed in this dissertation are presented in chapter 6.
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Chapter 2.
Counterions in Polymeric Amino Acid Based Surfactants: Effect on
Physical Properties and Enantioselectivity
2.1. Introduction
The use of polymeric surfactants as pseudostationary phase in micellar electrokinetic
chromatography (MEKC) is a superb alternative in the separation of achiral and chiral
compounds [1-5].

However, the quest for a substantial increase in selectivity of the

polymeric surfactants employed in separations in MEKC is still an ongoing exploration.
Many researchers have investigated the effect of changing various separation conditions such
as temperature, pH, buffer type, surfactant type, and concentration as well as addition of
organic modifiers [6-10]. From these studies, it was noted that modifications in the structure
of surfactant headgroup had significant effects on chemical selectivity.
To obtain a comprehensive understanding of the role of the structure of surfactant
headgroup on chemical selectivity in MEKC, we investigated the effect of alkali metal
counterions on chiral separation.

Counterions are non-stoichiometrically distributed at

relatively high concentrations at the micellar surface [11,12]. The affinity of the counterions
to the surfactant anionic headgroup is dependent on the strong electrical field created by the
repulsive and the attractive forces [11]. While the repulsive forces between the negatively
charged headgroups hinder the micellization process, the attractive forces between the
negatively charged headgroup and the positively charged counterion, create a strong field
that opposes the repulsive forces. As a result, the micellar shape and size are dictated by a
balance between repulsive headgroup interactions and attractive forces arising from a need to
minimize the exposure of the nonpolar core to water. Thus, micellar physical parameters
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such as the cmc, [13,14], polarity [15], hydrodynamic radius, and aggregation number [16]
must be determined under experimental conditions.
In recent years, the use of metal counterions (Li+, Na+, K+, and Mg2+) of dodecyl
sulfate solutions in micellar electrokinetic chromatography (MEKC) demonstrated that the
competitive binding of these counterions to the dodecyl sulfate micelles had a significant
impact on efficiency, peak shape, and elution range in MEKC [11,12,17,18]. Using linear
solvation energy relationships, Trone and Khaledi reported that selectivity in MEKC is
dependent on the valency rather than the type of counterions [10].

For example, Na+

counterion was found to have nearly identical selectivity as Li+ counterion for dodecyl
sulfate. Likewise, Mg2+ and Cu2+ counterions of dodecyl sulfate have similar selectivities.
However, a significant difference in selectivity between Na+ versus Mg2+ or Cu2+ ions of
dodecyl sulfate micelles was observed.
In a series of publications [17,19] Peterson and Foley investigated the influence of
Li+, Na+, and K+ counterions of non-polymerized N-dodecoxycarbonylvaline (DDCV)
surfactant on chiral separations of basic drugs. These investigators added LiOH, NaOH, and
KOH to the CHES buffer systems containing DDCV surfactant. The Li+ counterion of
DDCV micelle showed significant improvement in peak shape and chiral efficiency as
compared to Na+ and K+ counterions for DDCCV micelles[19] In a subsequent study by
Peterson and Foley [17], changes in enthalpy (∆H) and entropy (∆S) of transfer of basic
chiral drugs were measured using the same counterions (Li+, Na+, K+) of DDCV micelles.
Although notable changes in ∆H and ∆S were observed as the counterions were varied, the
effects of free energy change (∆G) and enantioselectivity were nearly identical. Thus, the
counterion effects in MEKC using conventional (non-polymerized) micelles have been well
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characterized by many researchers.

However, studies on the competitive binding of

counterions of polymeric surfactant have not been reported.
In the study reported in this chapter, we explored counterion effects on undecenoyl-Lleucinate polymeric surfactants.

In order to understand the fundamentals of chiral

recognition, three different approaches were used. First, the counterions Li+, Na+, K+, Rb+,
and Cs+ of N-undecenoyl-L-leucinate (L-UL) surfactants were constituted during the
synthesis and the cmc values were measured by use of surface tensiometry. Second, all L-UL
surfactants were polymerized in the micellar form and their properties studied by use of
fluorescence spectroscopy and pulsed field gradient-NMR (PFG-NMR). Third, counterion
effects of polymeric undecenoyl-L-leucinate (poly-L-UL) were compared in MEKC for the
enantiomeric separation of several acidic, basic, and neutral chiral compounds.

The

counterion effects on chiral separations of benzoin, binaphthyl derivatives, and
aminoglutethimide were investigated. In addition, separation parameters such as selectivity,
resolution, efficiency, and capacity factors were evaluated and compared.

2.2. Experimental
2.2.1. Instrumentation
The MEKC experiments were conducted by use of an Agilent

3D

CE model number

G1600AX. A positive voltage of 30 kV was supplied throughout the experiment, with UV
detection at 215 nm and 254 nm. The injection size for all analytes was 30 mbar for 3
seconds. A 50 µm i.d, fused silica capillary (Polymicro Technologies, Phoenix, AZ) of 60
cm effective length was initially conditioned for 2 hours with 1 M LiOH and then 30 minutes
with 0.1 M LiOH at 30 0C. Finally, the capillary was rinsed for 10 minutes with deionized
water and 10 minutes with the buffer of interest prior to use. While the MEKC experiments
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of binaphthyl and benzoin derivatives were conducted at 20 0C, a temperature of 12 0C was
used in the separation of aminoglutethimide.
2.2.2. Materials and Reagents
The single amino acid L-leucine, the racemates of (±)-1, 1’-binaphthyl-2, 2’-diamine,
(±)-1, 1’-binaphthyl-2, 2’-dihydrogen phosphate, (±)-1, 1’-bi-2-naphthol, (±) benzoin, (±)
benzoin methyl ether, and (±) aminoglutethimide were purchased from Sigma (St. Louis,
MO). The chemical structures of the above six racemates are shown in Figure 1. Nhydroxysuccinimide, undecylenic acid, alkali metal hydroxides, D2O, pyrene, and
dicyclohexyl-carbodiimide (DCC) were all obtained from Fluka (Milwaukee, WI) and were
used without further purification. Ethyl acetate, methanol, and tetrahydrofuran (all HPLC
grade) were obtained from Aldrich (Milwaukee, WI) and were used as received.
2.2.3. Synthesis of Polymeric Surfactants
All surfactants were synthesized according to a two step procedure previously
described by Wang et al [3].

First, the ester was synthesized by reacting N-

hydroxysuccinimide, undecylenic acid, and dicyclohexyl-carbodiimide (catalyst). Second,
the amino acid, L-leucine, was reacted with the ester and the respective alkali metal
hydroxides to form Li, Na, K, Rb, or Cs-undecenoyl-L-Leucinate (L-UL) surfactant,
respectively (Figure 2.1). Polymerization was achieved by use of γ-irradiation from a
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Co

source of 0.7 krad/hour for 168 hours (total dose, 118 krad). Polymerization was monitored
using proton NMR. The disappearance of the vinyl proton NMR signals at 6.0 to 5.0 ppm
and the broadening of the upfield peaks were used as a confirmation of complete
polymerization of the surfactant.
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2.2.4. Buffer and Sample Preparation for MEKC
Analyte stock solutions were prepared at a concentration of 10 mg/mL in methanol.
An appropriate aliquot of each analyte was transferred to a sample vial and diluted with
50:50 v/v of methanol: water. The final concentration of each analyte in the mixture was
approximately 0.15 mg/mL. A buffer solution of 100 mM Tris was prepared in distilled
deionized water. The pH of 100 mM Tris was adjusted to a value of 9 or 10 using 1 M HCl.
Each alkali metal poly-L-UL surfactant was dissolved in the buffer solution to give a
surfactant concentration of 6 mM (equivalent monomer concentration) for the separation of
(±) BOH (pH = 8.5) and (±) BNA (pH = 10), 80 mM for the separation of (±) AMGL (pH =
10), and 30 mM for the separation of ± Benzoin, (±) BME, and (±) BNP (pH = 9).

2.3. Characterization Methodologies
2.3.1. CMC Determination
The cmc values of the surfactants solutions were determined by use of a DuNouy ring
surface tensiometer (KSV Sigma 703) at room temperature (25 0C). Upon graphing the
surfactant concentration (mM) versus measured surface tension, the cmc was obtained from
the point of inflection of surface tension curve.
2.3.2. Nuclear Magnetic Resonance Measurements
Pulsed field gradient NMR (PFG-NMR) experiments were performed by use of a
300 MHz Bruker DPX spectrometer. The instrument’s probe was equipped with an actively
shielded z-gradient coil. A diffusion experiment with an aqueous β-cyclodextrin sample
yielded a coil constant of 50.3 G/cm at 100% gradient strength [20]. The solutions for NMR
analysis were prepared gravimetrically by dissolving 5-7 mg of polymeric surfactant in 1.00
mL of D2O. The diffusion coefficient, D, for each polymeric surfactant was measured with

70

the bipolar pulse pair longitudinal encode-decode pulse sequence [21].

Fifteen free

induction decays (FID’s) were collected for each sample with magnetic field gradient
amplitudes, G, ranging from 5.03 to 35.7 G/cm. Each individual FID contained 16 K data
points and was collected with a spectral width of 6000 Hz. The individual FID’s were then
apodized with 5.0 Hz line broadening, Fourier transformed, and phased using Bruker
Xwinnmr 2.1 software package. The intensity, I, of the resulting spectra was calculated by
use of equation 1,

δ τ ⎞⎤
⎡
2⎛
I = I o ⋅ exp ⎢− D ⋅ (γGδ ) ⎜ ∆ − − ⎟⎥ ,
3 2 ⎠⎦
⎝
⎣

2.1

where Io is the resonance intensity with no magnetic field gradient, γ is the magnetogyric
ratio, δ is the duration of the magnetic field gradient pulse, ∆ is the diffusion time, and τ is
the short delay between the bipolar gradients.

Throughout this study, δ, ∆, and τ had

respective values of 4.0, 250.0, and 0.20 ms. For each of the fifteen spectra in the resulting
data set, the resonances in the region from 0.85 to 1.50 ppm were integrated and plots were
prepared of the natural log of the peak integral versus the quantity (γGδ)2(∆−δ/3−τ/2). A
linear regression analysis of the resulting graph provided the diffusion coefficient, D. The
diffusion coefficients obtained from linear regression analysis data were then used to
calculate the hydrodynamic radius, Rh, of each polymer via the Stokes-Einstein equation
given by:

D=

kB ⋅T
.
6πηRh
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2.2

In equation (2), kB is Boltzmann’s constant, T is Kelvin temperature, and η is the solvent
viscosity (1.232 cp for D2O at 298 K) [22].

Stokes-Einstein equation assumes that the

polymers adopt a spherical shape in solution.
2.3.3. Fluorescence Measurements
Fluorescence measurements used to determine the polarity of the micelles were
obtained by use of a Spex FluoroMax-3 spectrophotometer at room temperature.

The

excitation and emission slits were maintained at 2 nm and 3 nm, respectively. A stock
solution of pyrene (2 x 10-4 M) was prepared in cyclohexane. An appropriate aliquot of
pyrene stock solution was transferred into a flask and dried under a gentle stream of nitrogen.
Triply distilled deionized water was added to the flask and sonicated for 1 hour to give 2 x
10-8 M pyrene solution. Weighed amounts of poly-L-UL surfactants were dissolved in 2 x
10-8 M aqueous pyrene solution resulting in a final concentration of 6 mM polymer
(equivalent monomer concentration) surfactant. Low concentration of pyrene reduces the
probability of multiple probe molecules per micelle. It should be noted that the solubility
limit of pyrene in water is 2 x10-7 M [23]. Pyrene-polymeric surfactant solution mixture was
sonicated for 1 hour and left to equilibrate overnight before the fluorescence measurements.
The equilibrated solutions were excited at 335 nm and emission intensities measured from
360 nm to 500 nm. The I1/I3 ratio was obtained at 372 (I1) and 382 (I3) nm.
2.3.4. Post Polymerization Exchange of Counterions
A 100 mM solution of each alkali metal surfactant monomer was divided equally into
portions I (non-stripped) and II (reconstituted). The two portions were polymerized under
identical conditions (i.e. γ-irradiation from a
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Co of 0.7 krad/hour for 168 hours). After

polymerization, each of the alkali metal poly-L-UL surfactant in portion I (non-stripped) was
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used as the control while poly-L-UL surfactants in portion II were stripped. This stripping
was achieved by decreasing the pH of each of the five alkali metal poly-L-UL surfactant
solutions (portion II) to 2.00 with 1 M HCl. Decreasing the pH resulted in a white precipitate
of the surfactant without counterions (acid form). Sodium counterion was then reconstituted
in each sample of portion II (stripped surfactants) by a reaction of the dry acid form of
stripped poly-L-UL surfactant with equimolar amount of sodium hydrogen carbonate. All
solutions of the two portions (portions I and II) were freeze-dried and compared for the chiral
separation of (+) benzoin, (+) BME, and (+) BNP.
2.3.5. Calculations
The capacity factors (k’), selectivity factors (α), and resolution (Rs) were calculated
using the following equations [23].

k' =

tr − t 0
,
t0

α = k2’/k1,’

2.3

2.4

and

Rs = 2

( tr 2 − tr1)
w1 + w2 ,

2.5

where to and tr are the respective migration times of the unretained species and the
enantiomer; w is the peak width at the baseline of each enantiomer. The suffixes 1 and 2 in
equations 4 and 5 respectively refer to the first and last eluting enantiomer. The peak width
at half-height is designated by w1/2.
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2.4. Results and Discussion
The L-UL surfactant is composed of C11 hydrocarbon chain with a polymerizable
double bond and an amino acid leucine as a polar head group (Figure 2.2).

O
+

M ONH
O

Figure 2.2. Chemical structure of N-undecenoyl-L-leucinate surfactant.

In water, the L-UL surfactants exist predominantly as monoanions at pH > 6 due to one
ionizable carboxyl group. The type of counterion affects both the size and shape of the
micelle. The physical properties of alkali metal ions (Li+, Na+, K+, Rb+, Cs+) such as ionic
radii, hydration energy [24], charge density [25], and hydrated radius [26] are summarized in
Table 2.1.
Table 2.1. Physical Properties of Counterions.
Ion
Type

Ionic Radii24)
∆

+

0.68
0.98
1.33
1.48
1.67

Li
Na+
+
K
+
Rb
+
Cs

25)
Charge Density
Hydration
2
(Z )
Energies24 )
(J/Mol)

1.67
1.05
0.75
0.68
0.60

-515
-406
-322
-293
-264
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Hydrated Ion
Radius26 )
(nm)
0.380
0.360
0.333
0.330
0.330

Critical Micelle Concentration (cmc)
The effects of the alkali metal counterions on the cmc of non-polymerized-L-UL
surfactant are shown in Figure 2.3.

10

cmc (mM)

9
8
7
6
5
4
Poly-L-LiUL

Poly-L-NaUL

Poly-L-KUL

Poly-L-RbUL

Poly-L-CsUL

Surfactants
Figure 2.3. Effect of counterions on cmc.

The cmc is almost constant for Li+ to K+. However, a dramatic increase is observed
for Rb+ and Cs+ counterions of the L-UL surfactant. This observation is surprising as it is
opposite to the trend documented in the literature for anionic surfactants [27-29].

The

unusual increase in the cmc of amino acid based surfactants with the increase in the
counterion size can be attributed to the degree of hydration of the respective counterions
(Table 2.1).
The schematic of the hydration of counterions of UL surfactant with respect to the
size of counterion are shown in Figure 2.4.
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Figure 2.4.

Schematic of the interfacial region of an N-undecenoyl-L-leucinate
surfactant showing various sizes and positions where the hydrated
counterions may be located. The open cycles represent the ionic radius
and the gray circles represent the hydrated radius of the ions.

It is known that hydration alters solvent properties as well as decreasing the monomeric
water molecules in solution [13,30].

Consequently, the effective concentration of the

surfactant may increase, thus decreasing both the surface tension and the cmc. In this
respect, highly hydrated ions (ions with high charge density) e.g., Li+, Na+, K+ (Table 2.1)
induce a more ordered structure of water resulting in low cmc. Conversely, ions with a low
charge density e.g., Rb+ and Cs+ distort the water structure resulting in the reduction of
hydration of ions. Nevertheless, the ratio of free water molecules in the bulk promotes the
hydration of the surfactant resulting in high cmc. The ability of an ion to increase the surface
tension of water is reported to follow the order, Li+< Na+< K+< Mg2+< Ca2+ which is in
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agreement with their salting-out properties [30,31] The dramatic increase in the cmc with
larger counterions Rb+ and Cs+ could be due to their greater effects in breaking the structure
of water.
2.4.2. PFG-NMR
The diffusion coefficients of the poly-L-UL micelles were obtained by use of PFGNMR linear regression data. The diffusion coefficients increased as the counterion radii
increased (Figure 2.5 A). This observation is intuitive and implies that there is a correlation
between the counterion radius and the size of the micelle. Therefore, micelles with smaller
counterions are on average larger and thus diffuse slowly. In general, increasing the size of
counterions resulted in a concomitant decrease in micellar size, which is evidenced by a
decrease in hydrodynamic radii (Figure 2.5 B ).

A
1.2

Diffusion Coefficient
(cm2 S-1) X 10-6

1
0.8
0.6
0.4
0.2
0
Poly-L-LiUL Poly-L-NaUL Poly-L-KUL Poly-L-RbUL Poly-L-CsUL

Surfactants
Figure 2.5A.

Effect of alkali counterions on diffusion coefficients of UL polymeric
surfactants.
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Figure 2.5B.

Effect of alkali counterions on hydrodynamic radii of UL polymeric
surfactants.

2.4.3. Polarity Studies
The fluorescence spectrum of the pyrene monomer is characterized by five (I1-I5)
vibronic peaks [32]. The I1/I3 ratio is sensitive to the microenvironment of pyrene and can
be used to determine change of polarity sensed by pyrene solubilized within micellar
aggregates [33]. The micropolarity trend of 6 mM (equivalent monomer concentration) polyL-UL surfactants in purely aqueous solution is shown in Figure 2.6. The polarity of pyrene

in purely aqueous poly-L-UL solution is similar for Li+, Na+, and K+. However, a sharp
increase is observed for Rb+ and Cs+. The order of increasing polarity in pure aqueous
system is Li+ ≅ K+ ≅ Na+ < Rb+ < Cs+. Evaluation of the polarity results suggest that the
pyrene experiences a less polar microenvironment in the presence of the small counterions as
compared with a much more polar microenvironment for the larger Rb+ and Cs+ counterions.

78

Pyrene I1/I3 Ratio

1.5

1.4

1.3

1.2

1.1
Poly-L-LiUL

Poly-L-NaUL

Poly-L-KUL

Poly-L-RbUL Poly-L-CsUL

Surfactants
Figure 2.6. Effect of alkali counterions on polarity of ULpolymeric surfactants.

Considering the hydrodynamic radii and the diffusion coefficients results, it can be argued
that the aggregation number is much smaller for Rb+ and Cs+ as compared to the other ions.
Conversely, it should be noted that the hydrophobicity of the microenvironment as it is
sensed by pyrene is strongly affected by the quenching of the larger counterions [34-36].
Cesium quenches the fluorescence of pyrene and can yield results that may be misinterpreted
as if the polymeric surfactant has a more polar microenvironment. Therefore, even if the
polymeric surfactants have similar structure, the non-quenching counterions (Li+, Na+, K+)
would yield different results than the quenching counterions (Cs+, Rb+).

79

2.4.4. Counterion Effects on Separation of Chiral Compounds
The amino acid chiral center of the polymeric surfactant (Figure 2.2) is the active site
for the enantiomeric resolution of analytes in MEKC. The enantiomeric resolution is based
on interactions between the enantiomer, the chiral polymeric surfactant, and the buffer. The
isobutyl groups of poly-L-UL enhance the interactions between the chiral centers of the
enantiomeric compound and the surfactant polar head by imparting a steric interaction.
These isobutyl residues control the degree of interaction between the enantiomer, the polar
groups, and hydrophobic groups around the chiral center. Consequently, the enantiomer
likely interacts with poly-L-UL forming diastereomeric complexes that have different
formation constants. The effect of Li+, Na+, K+, Rb+, and Cs+ on the resolutions (Rs) of six
chiral analytes (Figure 2.7) by MEKC is shown in Figures 2.8-2.10.
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Figure 2.7. Chemical structure of analytes.
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Figure 2.8. Effect of poly-L-UL counterions on chiral separation of (±) BNA. MEKC
conditions: +30 kV, 100 mM Tris, pH 10, temperature 20 0C, 6 mM
(equivalent monomer concentration) poly-L-UL, pressure injection of 30
mbar for 3 sec of 0.15 mg/mL sample (S: R enantiomer = 0.06 mg: 0.09
mg).
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Figure 2.9.

Effect of poly-L-UL counterions on chiral separation of (±) BOH. MEKC
conditions:same as Figure 2.8 except pH = 8.5.
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Effect of poly-L-UL counterions on chiral separation of (±) AMGL.
MEKC conditions: same as Figure 2.8 except, temperature = 12 0C, 80
mM (equivalent monomer concentration) poly-L-UL, 0.15 mg/ mL
sample.

Generally, chiral Rs increased as the hydrodynamic radii of poly-L-UL surfactants decreased.
However, different chiral analytes show higher Rs with different counterions of poly-L-UL.
For example, (±) BNA, (±) BOH, (±) benzoin, (±) BME, and (±) BNP, had the highest Rs
with Rb+ or Cs+ (Figure 2.8-2.10) while (±) AMGL had the highest Rs with K+ (Figure 2.10).
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The preceding observations can be explained by the fact that the migration rate of the
cation towards the cathode is inversely related to the counterion size. Therefore, larger
counterions of poly-L-UL migrated at a slower rate than the smaller counterions. It is worth
noting that the migration time correlates with the counterion size rather than the hydration
radius. The longer migration time results in an improved resolution of the analytes but
reduced chromatographic efficiency. However, one cannot rule out an induced change of the
packing of the micellar structure by the larger counterions. Such an induced change in the
structure of the polymeric surfactants can facilitate the penetration of analytes into the chiral
center resulting in a better chiral interaction and enhanced resolutions.
A summary of the separation parameters, namely selectivity (α) and capacity factors
(k’) is presented in Figure 2.11 and Figure 2. 12, respectively.
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Figure 2.11. Influence of poly-L-UL counterions on selectivity of test analytes.
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Figure 2.12. Influence of poly-L-UL counterions on retention factor (k’1) of test
analytes.

The effect of counterions on α follows an increasing trend analogous to Rs and increase in
the size of the counterion. However, the chiral α is specific for the surfactant/analyte
combination of interest. Increased chiral α (Figure 2.11) correlated with increased chiral Rs
(Figures 2.8-2.10).
Similar effects of counterions on α have been reported in the literature [11]. The time
spent by the analyte in the buffer phase as compared to the micellar phase in MEKC is
defined by the k’ according to equation 3. The retention times of enantiomers increased as
the size of the counterion increased for all analytes. The largest k’ values were observed with
poly-L-CsUL for all analytes (Figure 2.12). A trend of k’ values for enantiomers with
different counterions of poly-L-UL surfactants are attributed to the difference in the
partitioning of these analytes in different micellar sizes.
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2.4.5. Post Polymerization Effects of the Counterions

Examination of the enantioseparation data from MEKC showed that an increase in
counterion size of the poly-L-UL surfactants head group resulted in a concomitant increase in
the chiral Rs of the test analytes. There are two factors that can influence the chiral Rs using
poly-L-UL as the pseudostationary phase i.e. the micellar size and the counterion. It should
be noted that the presence of different counterions, during the polymerization of L-UL
surfactants, resulted in different micellar sizes (hydrodynamic radii) (Figure 2.5 B).
However, it was not clear whether the counterions had any post polymerization effects in
determining the chiral Rs.

In order to discriminate between the effects of different

counterions and different micellar sizes on the chiral Rs, a second step in the synthesis of
alkali metal polymeric surfactants was necessary, i.e. stripping of the counterions of poly-LUL followed by reconstitution with Na+ as a common counterion for all possible micellar
structures of poly-L-UL.
Chiral separations of (+) benzoin, (+) BME, and (+) BNP obtained using both nonstripped poly-L-UL (portion I) and reconstituted poly-L-UL (portion II) are shown in Figure
2.13 and Figure 2.14, respectively. Using the same background electrolyte and buffer pH,
the non-stripped poly-L-UL showed significant variations in chiral Rs (Figure 2.13) while
reconstituted sodium salt of poly-L-UL demonstrated similar chiral Rs values (Figure 2.14).
These trends suggest that not only is the type of counterion used during polymerization of LUL surfactant important, but also the association of these counterions with poly-L-UL
surfactant in the pseudostationary phase. Therefore, the presence of different counterions of
poly-L-UL in MEKC plays a role in chiral resolution of analytes. Furthermore, a comparison
of Figure 2.13 (using non-stripped poly-L-NaUL) with Figure 2.14 (using reconstituted poly-
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L-NaUL)

reveals that the migration times of all three pairs of enantiomers are very similar.

This confirms that stripping the counterions in portion II did not alter the chemical properties
of poly-L-UL surfactant.

Benzoin
Benzoin Methyl
Ether

Binaphthyl Phosphate

Poly-L-LiUL

mAU

Poly-L-NaUL

Poly-L-KUL

Poly-L-RbUL

Poly-L-CsUL
12

14

16

18

20

22

24

Migration Time (Minutes)

Figure 2.13. Effect of poly-L-UL counterions on enantioseparation of (±) benzoin,
(±) BME, and, (±) BNP. MEKC conditions: same as Figure 2.8 except, 100
mM Tris, pH 9, temperature 15 0C, 30 mM (equivalent monomer
concentration) poly-L-UL, 0.15 mg/ mL sample.
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Benzoin
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Ether

Binaphthyl
Phosphate

Poly-L-LiUL
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Poly-L-NaUL

Poly-L-KUL

Poly-L-RbUL

Poly-L-CsUL
12

14

16

18

Migration Time(min)

20

22

Figure 2.14. Effect of different micellar sizes of poly-L-UL surfactants on
enantioseparation of (±) benzoin, (±) BME, and (±) BNP. MEKC
conditions are the same as Figure 2.13.

2.5. Conclusions
In the study reported here, the influence of different monovalent counterions (Li+,
Na+, K+, Rb+, and Cs+) on the separation properties of poly-L-UL was examined. From the
cmc, polarity, PFG-NMR, and MEKC data, it is noted that counterions larger than Na+ (i.e.
K+, Rb+, and Cs+) provide a more remarkable effect on the measured parameter as compared
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to the commonly used, sodium counterion.

While the fluorescence results showed an

increasing polarity with increasing counterion size, PFG-NMR results depicted a decrease in
hydrodynamic radii. Both fluorescence and PFG-NMR data are consistent with the cmc
studies in that the increase in cmc with increasing size of counterion resulted in smaller
micelles. In all studies reported here, Li+, Na+, and K+ yielded similar results whereas a
significant deviation is observed for Rb+ and Cs+. Examination of the MEKC data suggests
enhanced enantiomeric recognition of chiral analytes is both analyte and counterion
dependent. However, counterions larger than Na+ favored a higher resolution of all the test
analytes. Therefore, bulkier counterions are probably more desirable to be used in the
synthesis of amino acid based surfactants for enhanced resolutions of chiral compounds in
MEKC.
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Chapter 3.
Enantioselectivity of Alcohol Modified Polymeric Surfactants in Micellar
Electrokinetic Chromatography
3.1. Introduction
Organic modifiers such as methanol, ethanol, propanol, and acetonitrile have been
used to manipulate selectivity in micellar electrokinetic chromatography (MEKC) through
modification of micellar solution [1-3]. These modifiers alter physico-chemical properties of
pseudostationary phases when added into the buffer solution thus, affecting the resolution of
solutes [4]. In addition, short carbon chain organic modifiers are known to stabilize micelles
over a wider concentration range, with relatively low viscosity effects, as compared to longer
carbon chain modifiers [5-7].
In recent years, the presence of alcohols of different chain lengths and concentrations
in the pseudostationary phase has been reported to have profound effects on both chiral [810] and achiral [11-13] separations.

The presence of organic modifiers in the

pseudostationary phase alters thermodynamic factors and electrokinetic behavior such as
solute retention and electro-osmotic migrations, respectively. Consequently, pronounced
effects on migration time window, selectivity, peak symmetry, and separation efficiency in
MEKC are observed [8, 10-16]. Micellar parameters such as critical micelle concentration
(cmc), aggregation number, and the viscosity of the buffer solution are altered by the
presence of alcohols in the surfactant solution [1, 2, 14, 16]. In addition, alcohol modifiers in
the MEKC buffer improve the wetting of the capillary wall silica surface, resulting in
changes in zeta potential and hence the electro-osmotic flow (EOF) [17, 18]. In fact, the
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increased viscosity of the buffer in such systems may also cause variations in EOF as well as
mass transfer rates of analytes between the aqueous phase and the micelle [16, 19-22].
Currently, organic modifiers are added directly into the running buffer in chiral and
achiral separations. However, this approach has a number of potential disadvantages. First,
inherent viscosity effects exacerbate the resolution of the analytes at higher concentrations of
alcohols. Secondly, the use of longer chain alcohols is limited due to their low solubility.
Thirdly, the UV absorbance background of alcohols can detrimentally affect the detection
sensitivity at low wavelengths. Finally, the alcohol modifiers may saturate the polar micellar
surface and, therefore, inhibit the penetration and the separation of analytes possessing
hydrophilic groups [9].
The main aim of this study was to understand the effect of alkyl alcohols with alkyl
chain length that matches (undecelenyl alcohol) and partially matches (hexanol) the
surfactant chain length (C11) on non-polymerized and polymerized surfactants of sodium
undecenoyl-L-Leucinate (SUL). To achieve this objective, four different approaches were
used to understand pre- and post-polymerization effects of alcohols on the micellar
structures. First, the effect of alcohol concentration on the cmc of non-polymerized SUL was
determined by use of surface tension measurements. Second, the polarities of poly-L-SUL
were determined by use of fluorescence experiments. Third, the effect of different prepolymerization concentrations of hexanol (C6OH) and undecelenyl alcohol (C11OH) on the
resulting sizes of poly-L-SUL was determined by use of PFG-NMR. Finally, the effects of
the resulting micellar structures on enantiomeric recognition of benzoin derivatives,
coumarinic derivatives, and (±)-1’, 1-binaphthyl-2, 2’-dihydrogen phosphate (BNP), were
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examined by use of MEKC. The separation parameters such as resolution and capacity
factors were then evaluated and compared.

3.2. Experimental
3.2.1. Chemicals and Reagents
L-leucine, the racemates of benzoin, benzoin methyl ether (BME), 1,1’-binaphthyl-2,

2’-dihydrogen phosphate (BNP), warfarin, and coumachlor were purchased from Sigma (St.
Louis, MO).

Sodium bicarbonate, undecylenic acid, N-hydroxysuccinimide, and

dicyclohexylcarbidiimide (DCC) were all obtained from Fluka (Milwaukee, WI) and were
used without further purification. Ethyl acetate, cyclohexane tetrahydrofuran, pyrene, D2O,
and methanol were obtained from Aldrich (Milwaukee, WI) and used as received.
3.2.2. Synthesis and Modification of Surfactant Micelles
The monomeric form of the SUL surfactant was synthesized and characterized
according to the procedure previously described by Wang, et al. [23].

Different

concentrations of hexanol and undecylenyl alcohol were separately added to 100 mM
aqueous solution of mono-SUL. The solution mixtures were sonicated for 1 hour and
allowed to stand for 30 minutes before polymerization. Polymerization was achieved by use
of γ-irradiation from a 60Co source (model 484 R, from J.O Shepherd, San Fernando, CA) of
0.7 krad/hour for 168 hours (total dose, 118 krad). Proton-NMR (model DPX 250 from
Bruker, Billerica, MA) was used to monitor the polymerization process. The disappearance
of the vinyl proton NMR signals at 6.0 to 5.0 ppm and the broadening of the upfield peaks
served as a confirmation of a complete polymerization of the surfactant.

After

polymerization, the polymeric surfactant solution was lyophilized by use of a freeze-drying
process (a benchtop freeze dryer 4.5 from Labconco, Kansas city, MO). Presumably, not only
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the water is removed during the freeze-drying process but the alcohol as well. The purity of
the polymers modified with 60 mM C6OH and 40 mM C11OH was confirmed by elemental
analysis and was found to be 98 % and 97 % respectively.
3.2.3. Methodologies for Physical Characterization
The cmc values of the surfactant solutions were determined by use of a DuNouy ring
surface tensiometer (model T 703 from CSC Scientific INC, Fairfax, VA) at room
temperature (25 0C). Upon graphing the surfactant concentration (mM) versus measured
surface tension, the cmc was obtained from the point of inflection of surface tension curve.
Fluorescence measurements for determination of the polarity of the micelles [24] and pulsed
field gradient-NMR experiments [25-27] used in the determination of diffusion coeffiecients
were performed according to the procedure described in chapter 2.
3.2.4. Micellar Electrokinetic Chromatography
The MEKC experiments were conducted by use of a 3DCE, model number G1600AX
from Agilent, Palo Alto, CA. A positive voltage of 30 kV was supplied throughout the
experiment, with UV detection at 215 nm and 254 nm. The injection size for all analytes was
30 mbar for 3 seconds. A fused silica capillary (Polymicro Technologies, Phoenix, AZ) of
60 cm effective length, 68 cm total length, and 50 µm i.d was initially conditioned for 2
hours with 1 M NaOH and then 30 minutes with 0.1 M NaOH at 30 0C. The capillary was
finally rinsed for 10 minutes with deionized water and 10 minutes with the buffer of interest
prior to use. Fresh surfactant solutions were prepared daily, filtered through a 0.45 µm
polypropylene filter, and degassed for at least 5 min prior to each experiment. The desired
temperature of the capillary was maintained using the instrument's thermostating system.

95

The MEKC experiments of benzoin, the coumarinic derivatives, and BNP were conducted at
15 0C.
3.2.5. Buffer and Sample Preparation
Analyte stock solutions were prepared at a concentration of 10 mg/mL in methanol.
An appropriate aliquot of each analyte was transferred to a sample vial and diluted with
50:50 v/v of methanol: water. The final concentration of each analyte in the mixture was
approximately 0.15 mg/mL. A buffer solution of 100 mM Tris: 10 mM sodium borate was
prepared in distilled deionized water. Buffer solutions of 15 mM (monobasic) and 15 mM
(dibasic) sodium phosphate were prepared in a similar manner. Each poly-L-SUL was
dissolved in the Tris/borate buffer solution to give an equivalent monomer concentration of
30 mM. The pH of the Tris/borate surfactant solution was adjusted to 8.5 with 0.1 M
phosphoric acid and used for the separation of (±) benzoin, (±) BME, and (±) BNP. The
polymeric surfactants were dissolved in sodium phosphate buffer to give equivalent
monomer concentration of 50 mM. The pH of the buffer solution was adjusted to 7.0 with
0.1 M NaOH and used for the separation of racemic mixtures of warfarin and coumachlor.
3.2.6. Calculations
The capacity factors (k’) and resolution (Rs) were calculated using the following
equations [17]:

k'=

tr − t 0
t0

(3.1)

and

Rs = 2

( tr 2 − tr 1)
w1 + w2 ,
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(3.2)

where to and tr are the respective migration times of the unretained species and the
enantiomer; w is the peak width at the baseline of each enantiomer. The value of t0 was
determined by use of methanol. The suffixes 1 and 2 in equations 3 and 4 refer to the first
and last eluting enantiomer respectively.

3.3. Results and Discussion
3.3.1. Physical Characterization
The effects of C6OH and C11OH on the critical micelle concentration (cmc) of nonpolymerized SUL surfactant are presented in Figure 3.1.
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Figure 3.1. Effect of C6OH and C11OH on the cmc of L-SUL surfactant.

In the absence of alcohols, the cmc is 5 mM. The cmc increased from 5 mM to 19.4 mM at
30 mM of C11OH, while 60 mM of C6OH increased the cmc from 5 mM to 12 mM.
However, above 30 mM of C11OH, the cmc leveled off. Similar observations have been
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attributed to two competing factors. First, the stabilizing effect due to penetration of alcohols
into micelles resulting in reduced electrostatic repulsion between monomer headgroups and
second, the destabilizing effect resulting from disruptive change of the structure of water [2834]. The moderately soluble C6OH is almost equally distributed between the water phase
and the micellar phase while sparingly soluble C11OH is almost entirely solubilized in the
micelle [35].

The presence of these alcohols in the water phase may exert a greater

disrupting than stabilizing effect on the water structure thus decreasing hydrophobic
interaction resulting in increased cmc [33, 35, and 36].
The fluorescence spectrum of the pyrene monomer is characterized by five (I1-I5)
vibronic peaks [37]. The I1/I3 ratio is sensitive to the microenvironment of pyrene and can be
used to determine change of polarity sensed by pyrene solubilized within micellar aggregates
[38]. In this study, the I1/I3 ratio decreased significantly at very low concentrations of
alcohols.

Additionally, a remarkable decrease in I1/I3 ratio was observed with higher

concentrations of C11OH as compared to the leveling off trend observed with C6OH (Figure
3.2). Such observations suggest that the pyrene is experiencing a less polar environment in
the micelles. It should be noted that the observed changes in the polarity of polymeric
surfactants were not due to the presence of alcohols, but rather due to the alcohol induced
structural changes of polymeric surfactants. The effect of alcohols on micelles has been
reported [16, 39]. Medium and long chain alcohols such as C6OH and C11OH minimize the
electrostatic repulsion at the micellar surface by aligning the polar hydroxyl group between
the charged surfactant headgroups [21]. A similar effect is expected to occur during the
polymerization process of the surfactants in the presence of alcohols. Furthermore, post
polymerization removal of the alcohol from the polymerized surfactants may even yield more
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closely packed micelles. This conclusion is consistent with an increased exclusion of water
as alcohols align between the surfactant head groups [21]. Thus, the longer chain alcohol
(C11OH) would lead to a more stable closer packing of surfactant monomers and the most
limited degree of water penetration into the micelle than the medium chain (C6OH) alcohol.
The stabilizing property of C11OH was attributed to the matching chain length of the alcohol
and the surfactant (C11), resulting in the maximum incorporation of the alcohol within the
micelle [39].

1.12
1.12

Pyrene I1/13 ratio

1.10
1.1
1.08
1.08
1.06
1.06
hexanol

1.04
1.04
1.02
1.02

undecylenyl
undecylenyl alcohol

1.00 1

00

10
10

20
20

30
30

[Alcohol][Alcohol]
mM

40
40

50
50

60
60

mM

Figure 3.2. Effect of alcohols of C6OH and C11OH on polarity of poly-L-SUL.

Diffusion co-efficients of the poly-L-SUL were obtained by use of PFG-NMR. The
unmodified poly-L-SUL revealed a higher diffusion coefficient than the alcohol-modified
poly-L-SUL surfactants (Table 3.1).
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Table 3.1. Influence of alcohol-modifiers on diffusion coefficients and hydrodynamic
radii of poly-L-SUL micelles.

Sample

Diffusion Co-efficient
(cm2S-1)

Hydrodynamic Radius
(Å)

unmodified poly-L-SUL

(1.01 ± 0.05) x 10-6

17.5

20 mM C6OH modified poly-L-SUL

(1.01 ± 0.01) x 10-6

17.6

40 mM C6OH modified poly-L-SUL

(9.95 ± 0.05) x 10-7

17.8

60 mM C6OH modified poly-L-SUL

-7

17.2

-7

19.9

-7

18.9

-7

19.2

5 mM C11OH modified poly-L-SUL
10 mM C11OH modified poly-L-SUL
20 mM C11OH modified poly-L-SUL

(1.01 ± 0.01) x 10

(8.91 ± 0.04) x 10
(9.21 ± 0.04) x 10
(9.37 ± 0.03) x 10

This observation indicated that the alcohol-modified polymeric surfactants are on average
larger and thus diffuse more slowly as compared to the unmodified poly-L-SUL.
The diffusion co-efficient data are in agreement with the increased hydrodynamic
radii and decreased polarity (Table 3.1 and Figure 3.2) as the concentration of alcohol
increased. Hence, increasing concentrations of alcohols resulted in a concomitant increase in
micellar size. Thus, larger polymeric surfactants resulted in a decreased polarity of pyrene
microenvironment, implying larger hydrophobic domains of the alcohol-modified polymeric
surfactants [9].
3.3.2. Chromatographic Performance of Alcohol Modified Poly-L-SUL
The utility of alcohol-modified poly-L-SUL as a pseudostationary phase in MEKC
was tested by use of five test analytes (Figure 3.3).
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Figure 3.3. Chemical structures of analytes tested.

A comparison of the enantiomeric resolutions (Rs) and capacity factors (k’1) of the test
analytes with alcohol-modified poly-L-SUL and the unmodified poly-L-SUL surfactants
reveals that alcohol-modified poly-L-SUL surfactants provided different enantiomeric
resolving capabilities (Table 3.1).

For example, coumarinic derivatives could not be

separated by use of the unmodified poly-L-SUL. However, the Rs of coumarinic derivatives
increased remarkably when 5 mM to 20 mM of C11OH and 20 mM to 40 mM of C6OHmodified poly-L-SUL were used (Figures 3.4A, 3.4B). The highest Rs values were achieved
for both coumachlor and warfarin in post poly-L-SUL at 40 mM of C6OH modifier. Post
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poly-L-SUL modified with 10 mM and 20 mM of C11OH resulted in the highest resolution
for coumachlor and warfarin, respectively (Table 3.2).

Table 3.2. Influence of alcohol modifiers on retention factor (k’) and resolution (Rs) of
test analytes.

k’1
Alcohol
modifier
0 mM C6OH
20 mM C6OH
40 mM C6OH
60 mM C6OH

benzoin BME
0.412
0.538
0.541
0.536

0.632
0.658
0.662
0.660

Rs

BNP

coumachlor

warfarin

1.156
1.411
1.419
1.348

0.737
0.811
0.813
0.746

0.641
0.648
0.642
0.586

benzoin BME BNP coumachlor
1.5
2.0
1.3
1.2

0.8
1.2
0.5
0.4

benzoin BME

BNP

0.0
0.9
1.5
0.2

0.0
0.4
0.9
0.0

Rs

k’1
Alcohol
modifier

2.3
2.6
2.3
2.2

warfarin

coumachlor

warfarin

0.412 0.632 1.156
0.737
0 mM C11OH
5 mM C11OH
0.521 0.660 1.401
0.812
C11OH factor
0.539
0.599
0.803
k’110
= mM
retention
of the
first 1.351
eluting enantiomer
20 mM C11OH
0.542 0.614 1.432
0.746
40 mM C11OH
0.711

0.641
0.672
0.673
0.684
0.687

benzoin BME BNP coumachlor
1.5
1.2
1.0
0.3
-

0.8
0.6
0.3
0.0
-

2.3
2.0
1.7
0.4
-

0.0
1.6
1.5
1.3
0.4

warfarin
0.0
0.7
0.8
0.9
0.2

Conditions for benzoin, BME, and BNP: +30 kV, 100 mM Tris: 10 mM sodium borate,
pH 8.5, temperature 15 0C, 30 mM poly-SUL, pressure injection of 30 mbar for 3 sec of
0.15 mg/mL sample. Conditions for coumachlor and warfarin: +30 kV, 50 mM sodium
phosphate, pH 7.01, temperature 15 0C, 50 mM poly-SUL, pressure injection of 30
mbar for 3 sec of 0.15 mg/mL sample.
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Figure 3.4. Effect of C6OH (A) and C11OH (B) modified poly-L-SUL on chiral
separations of (±) warfarin and (±) coumachlor. MEKC Conditions: +30
kV, 50 mM sodium phosphate, pH 7.01, temperature 15 0C, 50 mM poly-LSUL, pressure injection of 30 mbar for 3 sec of 0.15 mg/mL sample.
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In contrast, benzoin derivatives and BNP could be separated by the non-modified
poly-L-SUL. However, an improvement in Rs was only observed for benzoin derivatives
upon employing poly-L-SUL modified with 20 mM of C6OH.It is interesting to note that the
Rs of BNP and benzoin derivatives were exacerbated by the use of C11OH modified poly-LSUL. Based of the physical properties of the modified surfactants, it can be concluded that
the differences in the structures of alcohol-modified poly-L-SUL resulted in significantly
different enantiomeric resolutions of the compounds tested.
Examination of the MEKC data (Table 3.2) showed no consistent trend in k’1 values
for all analytes within the alcohol concentrations used with the surfactant. This is not
surprising given that in MEKC, the retention of analytes depends strongly on the structure of
the micelles and the hydrophobicity of the solutes [40-42]. However, the k’1 values of the
analytes followed the same trend as the hydrodynamic radii of the poly-L-SUL surfactants.
This observation suggested a strong correlation between the size of the polymeric surfactant
and the interaction of the analytes. Generally, large k’1 values for all analytes were obtained
from alcohol-modified poly-L-SUL indicating an increased interaction between analytes and
alcohol-modified polymeric surfactants. The volume of the micellar core, the electrostatic
forces at the micellar surface and the structure of the analyte dictate the depth of penetration
of the chiral analyte into the micelle [9, 39, 42]. While localized in/on micelles, analytes
experience different microenvironment polarities; hence, analyte-micelle interactions occur
through different mechanisms such as surface adsorption and partition into the micellar core.
Under the experimental conditions used, coumarinic derivatives are neutral and
hydrophobic. Therefore, they can penetrate deeper into the micellar interior and interact
more with the chiral center resulting in remarkable Rs and k’1. Benzoin derivatives are
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neutral and less hydrophobic than coumarinic derivatives; therefore, they do not penetrate as
deep into the micelle, and only a small increase in Rs was observed with 20 mM C6OH
alcohol modifier (Figure 3.5A).
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Figure 3.5A. Effect of C6OH modified poly-L-SUL on chiral separations of ± benzoin
(1, 1’) ± BME (2, 2’), and ± BNP (3,3’). MEKC conditions: same as
Figure 3.4 except 100 mM Tris: 10 mM sodium borate, 30 mM poly-LSUL, pH 8.5.
In addition, the Rs of benzoin derivatives and BNP were reduced with the use of C11OHmodified surfactants (Figure 3.5B). This observation is indicative of preferential interaction
of BNP at the micellar surface, closer to the bulk aqueous phase [43]. At pH = 9 of the
buffer used, BNP is anionic, and therefore more polar.
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Figure 3.5B.

Effect of C11OH modified poly-L-SUL on chiral separations of ±
benzoin (1, 1’) ± BME (2, 2’), and ± BNP (3, 3’). MEKC conditions:
Same as Figure 3.5 A.

Since the polymeric surfactant has closer packing, sterically hindered BNP could not
penetrate into the polymeric surfactant and interact appropriately with the chiral center.
Although benzoin derivatives are not sterically hindered like BNP, their interaction with the
chiral center may be limited due to their lower hydrophobicity. As a result, a concomitant
decrease in Rs of BNP and benzoin derivatives (Figure 3.5B) was observed as the size
(hydrodynamic radii) of the polymeric surfactants increased (Table 3.1).
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3.4. Conclusions
The pre- and post-polymerization influence of C6OH and C11OH on SUL micelles has
led to the observance of notable trends. From the data obtained, it is clear that solubilization
of alcohols in the micelles yielded different micellar sizes of poly-L-SUL surfactant as
depicted by polarity, PFG-NMR, and enantioselectivity results. Alcohol-modified poly-LSUL had a more pronounced effect on enantioseparation of neutral hydrophobic compounds
(coumachlor and warfarin) than benzoin derivatives (neutral) and BNP (partially anionic).
These results demonstrated that the separation behavior of polymeric amino acid surfactants
in MEKC could be altered by the addition of alcohol modifiers to the non-polymerized
surfactant before it is used as a pseudostationary phase. This method is advantageous over
the common method of adding organic modifiers directly into the running buffer. It offers a
simple and versatile way of modifying the separations in MEKC because it overcomes the
potential limitations of viscosity, solubility, background UV absorption, current breakdown,
and saturation of micellar headgroup following the direct addition of alcohols to the
pseudostationary phase.
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Chapter 4.
Influence of Polydispersity of Polymeric Surfactants on Enantioselectivity
of Chiral Compounds in Micellar Electrokinetic Chromatography
4.1. Introduction
Polymeric surfactants have gained popularity as potential pseudostationary phases for
separations in micellar electrokinetic chromatography (MEKC) in the recent years [1-10]. A
considerable interest in the use of polymeric surfactants arises because of their distinct
advantages over conventional micelles.

Polymeric surfactants are covalently linked;

therefore, they can be purified and used below critical micelle concentration (cmc) [8, 9].
Covalently linked polymeric surfactants are typically polymerized above the cmc in order to
ensure the presence of micelles during the polymerization process [10-12]. Conversely,
polymerization above the cmc can result in a polydispersed distribution of polymeric
surfactants [11-13].

Polydispersed polymeric surfactants comprise of non-uniform

distribution of polymeric surfactant sizes with respect to relative molecular mass or
constitution or both [14]. The degree of polydispersity is larger for polymeric surfactants
than conventional micelles mostly because of possible incompatibility between the rate of
micellization and the rate of polymerization [15]. Consequently, polymeric surfactants
usually exhibit some degree of polydispersity with respect to size and shape.
Despite the many advantages polymeric surfactants have over conventional micelles,
the use of polymeric surfactants in MEKC is limited by the polysdispersed distribution of
molecular weight sizes, which result in slower mass transfer kinetics [16]. This limitation
can lead to diminished separation efficiency relative to conventional micelles. Since rate of
migration of analytes in MEKC depends on their respective differential partitioning between
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the pseudostationary phase and the aqueous buffer medium [16], monodisperse distribution
of micelles is necessary for attaining high separation efficiencies. However, monodispersity
in polymeric surfactant solutions is far fetched; therefore, narrowing the polydispersity of
polymeric surfactants is the most practical approach to enhancing separation efficiencies. In
order to understand how different molecular weight distributions affect chiral separation in
MEKC, poly-L-SUL was fractionated into different molecular weights by use of molecular
weight cut off (MWCO) centrifugal filters.

Characterization of non-fractionated and

fractionated polymeric surfactants was performed by use of three techniques. While polarities
of the polymeric surfactants were determined by use of steady state fluorescence, pulsed field
gradient–nuclear magnetic resonance (PFG-NMR) and analytical ultracentrifuge (AUC) were
used in the determination of hydrodynamic radii and molecular weight, respectively. The
effect of different sizes of polymeric surfactants on chiral separations was determined by
employing non-fractionated and fractionated poly-L-SUL in MEKC.

Phenylthiohydantion

(PTH)-amino acids and coumarinic derivatives were used as test analytes. The separation
parameters of these analytes from each of the fractionated and non-fractionated polymeric
surfactants were evaluated and compared.

4.2. Experimental
4.2.1. Materials
The single amino acid L-leucine, the racemates of (±) warfarin, (±) coumachlor, and
phenythiohydantoin (PTH)-DL-amino acids were purchased from Sigma (St. Louis, MO).
The chemical structure of the above six racemates are shown in Figure 4.1.

N-

hydroxysuccinimide, undecylenic acid, sodium bicarbonate, D2O, pyrene and dicyclohexyl-
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carbodiimide (DCC) were obtained from Fluka (Milwaukee, WI) and were used without
further purification.
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Figure 4.1. Chemical structures of test analytes.

Ethyl acetate, methanol, cyclohexane, and tetrahydrofuran (both HPLC grade) were obtained
from Aldrich (Milwaukee, WI) and were used as received.

Centrifugal filters were

purchased from Millipore (Billerica, MA).
4.2.2. Synthesis of Polymeric Surfactant
The polymeric surfactant was synthesized and polymerized according to the
procedure [17] presented in chapter 2 of this dissertation. Polymerization was achieved by
use of γ-irradiation from a 60Co source (model 484 R, from J.O Shepherd, San Fernando, CA)
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of 0.7 krad/hour for 168 hours (total dose, 118 krad) as demonstrated in Figure 4.2. ProtonNMR was used to monitor the polymerization process. The disappearance of the vinyl
proton signals at 6.0 to 5.0 ppm and the broadening of the upfield peaks were taken to be
indicators of a complete polymerization of the surfactant.
4.2.3. Centrifugation Filtration
Disposable ultrafree-15 mL Millipore centrifugal filters of different sizes (5 K, 10 K,
and 30 K) were used to fractionate poly-L-SUL. About 15 mL of polymeric surfactant
aqueous solution was added into desired centrifugal filter, capped tightly, and placed in a 50
mL centrifuge tube before centrifugation. Centrifugation was performed at a speed of 2, 000
g for 6 hours before replacing the filter. The desired surfactant fraction was collected at the
bottom of the tube. The surfactant concentrate was filtered twice by use of the desired
MWCO filters in order to recover micelles of specific size range (for example, 5 K to 10 K).
4.2.4. Pulsed field gradient-NMR
NMR experiments were performed by use of a 300 MHz Bruker DPX spectrometer
(Billerica, MA).

The procedure of the experiment as well as data analysis [18-20] is

described in chapter 2 of this dissertation.
4.2.5. Analytical Ultracentrifugation
Equilibrium sedimentation measurements for determining the molecular weight of the
polymeric surfactants were performed by use of an Optima XLA analytical ultracentrifuge
instrument from Beckman Instruments, Inc. (Palo Alto, CA). The instrument has a highintensity xenon flash light source and a grating monochromator with continuous scanning
from 190 to 800 nm. The detection system was set to measure the absorbance at 220 nm.
The flash lamp illuminated only a selected sample during the scanning. A toroidally curved
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holographic diffraction grating was used to select the wavelength and to collimate the beam
of light. Four sector cells were used, and data were acquired every 10 µm in replicates of 10.
These data were digitized and displayed as a function of radial distance.

The sample

volumes were 100 µL while the solvent volumes were 125 µL. The data was collected at a
speed of 22 000 rpm. The temperature of the rotor was controlled thermoelectrically to
within ± 0.5 0C. All samples had a polymer concentration of 0.1 g/L. The absorbance versus
the distance from the center of rotation to any position in the sample column was collected at
720-min intervals. Successive scans of the cell were compared graphically using the XLsoftware to ensure that the samples reached equilibrium.
4.2.6. Densitometry
A high-precision densitometer (model DMA58), purchased from Anton Paar
USA (League City, TX), was used to perform density measurements. Air and water were
used for calibration. The precision of the temperature-controlled system was better than ±
0.005 0C.
4.2.7. Fluorescence Measurements
Fluorescence measurements used to determine the polarity of the micelles were
acquired at room temperature on a Spex FluoroMax-3 spectrophotometer (model FL322TAU3) from Jobin Yvon INC (Edison, NJ). The excitation and emission slits were
maintained at 2 nm and 3 nm, respectively.

The sample preparation and acquisition

procedure for the fluorescence experiment is the same as chapter 2 [21].
4.2.8. MEKC Procedure
The MEKC experiments were conducted by use of a 3DCE, (model G1600AX) from
Agilent, (Palo Alto, CA) according to the procedure already described in the preceding
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chapter of this dissertation. The MEKC experiments of PTH-amino acid and coumarinic
derivatives were conducted at 15 0C.
4.2.9. Buffer and Sample Preparation for MEKC
All analyte stock solutions were prepared at a concentration of 10 mg/mL in
methanol. An appropriate aliquot of each analyte was transferred to a sample vial and diluted
with methanol. The final concentration of each analyte in the mixture was approximately
0.25 mg/mL. A Buffer solution of 275 mM boric acid, 20 mM sodium phosphate, and 10
mM triethylamine was prepared in triply deionized water. Each fractionated poly-L-SUL
surfactant as well as non-fractionated poly-L-SUL was dissolved in the buffer solution to
give equivalent monomer concentration of 50 mM (pH = 7.00) for the separation of PTHamino acids and coumarinic derivatives.
4.2.10. Calculations
The capacity factors (k’) and resolution factors (Rs) were calculated using the
following equations [22]:

k' =

tr − t 0
t0

4.1

and

Rs = 2

(tr 2 − tr 1)
,
w1 + w2

4.2

where to and tr are the respective migration times of the unretained species and the
enantiomer; w is the peak width at the baseline of each enantiomer. The suffixes 1 and 2 in
equations 2 and 3 refer to the first and last eluting enantiomer. The peak width at half-height
is designated by w1/2.
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4.3. Results and Discussion
4.3.1. Polymerization of mono-L-SUL
Figure 4.2 depicts the chemical structure of the non-polymerized sodium undecenoylL-leucinate (mono-L-SUL) chiral surfactant.

The L-SUL surfactant is composed of C11

hydrocarbon chain with a polymerizable double bond and the amino acid leucine as a polar
head group. Polymerization of SUL monomers above cmc by use of γ irradiation from 60Co
resulted in poly-L-SUL.
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Figure 4.2. Polymerization of sodium undecenoyl-L-leucinate surfactant.

4.3.4. Pulsed Field Gradient-NMR
Diffusion coefficients and hydrodynamic radii of poly-L-SUL surfactant fractions
were determined by use of PFG-NMR. Examination of PFG-NMR data revealed a lower
diffusion coefficient for the non-fractionated poly-L-SUL as compared to the fractionated
poly-L-SUL. However, the diffusion coefficients of fractionated poly-L-SUL surfactants
decreased as the size of the MWCO filter increased (Figure 4.3 A). It should be noted that
the diffusion coefficients of non-fractionated and poly-L-SUL fractionated (above 30 K) are
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comparable.

Similarly, the hydrodynamic radii data of both non-fractionated and

fractionated poly-L-SUL (above 30 K) are comparable (Figure 4.3 A). This observation
suggests that larger sizes of polymeric surfactants are obtained in larger quantities as
compared to smaller sizes of polymeric surfactants during polymerization.

A

Molecular Weight (g)

Hydrodynamic
Radius (∆)

19

18 .8
18 .6
18 .4
18 .2
18

Diffusion Coefficient
x 10 -7 (cm2 S-2)

17 .8
0
171.6
9 .9
9 .8

31000

C

26000
21000
16000
11000
6000
1000

9 .7

Nonfractionated

9 .6
9 .5

Fractionated
5K- 10 K

Fractionated 10
K- 30 K

Fractionated
above 30 K

Poly-L-SUL

9 .4
9 .3
9 .2
9 .1
Nonf ractionated

Frac tionated
5K- 10 K

Frac tionated 10
K- 30 K

Frac tionated
abov e 30 K

Poly-L-SUL
B

D

1.05
1.04

0.86

I1/I3 Ratio

Partial Specific
Volume (mL/g)

0.88

0.84
0.82
0.8

1.03
1.02
1.01
1
0.99

0.78

0.98
0.97

0.76
Nonfractionated

Fractionated
5K- 10 K

Fractionated 10
K- 30 K

Fractionated
above 30 K

Nonfractionated

Fractionated
5K- 10 K

Fractionated 10
K- 30 K

Fractionated
above 30 K

Poly-L-SUL

Poly-L-SUL
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(B), molecular weights (C), I1/I3 polarity ratio (D) of non-fractionated and
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4.3.5. Determination of Partial Specific Volume and Molecular Weights by Analytical
Ultracentrifugation
The partial specific volume (V), defined as the increase in volume when a small
amount of dry solute is dissolved in a large volume of the solvent, was used to calculate the
molecular weight of poly-L-SUL. The V values were obtained by plotting the inverse of the
density (1/D) of the aqueous polymer solutions as a function of the weight fraction (W)
according to equation 4.3 [23]:

∂ (1 / ρ )
1
=V +W
,
ρ
∂W

(4.3)

where D is the solution density and W is the solvent weight fraction. The partial specific
volume of poly-L-SUL was obtained as the y intercept of the (1/D) vs. W plot (Figure 4.4.).

Figure 4.4. Plots of partial specific volumes for two representative samples of poly-LSUL, (A) non-fractionated poly-L-SUL and (B) above 30 K fractionated
poly-L-SUL.
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The V value was used to analyze the molecular weight of different fractions of poly-L-SUL
surfactant in analytical ultracentrifugation (AUC).

The AUC measurements allow the

determination of molecular weight of different fractions of poly-L-SUL by use of the V and
the equilibrium distribution data of polymeric surfactants. An equilibrium concentration
distribution of macromolecule (polymers) can be obtained in the cell by use of very small
centrifugal force that allows the process of diffusion to oppose the process of sedimentation
[24]. The molecular weight of the polymer can be determined from the partial specific
volume and the slope of the line generated by a plot of In A vs. r, where A is the absorbance
of the solute in the centrifugal cell and r is the scanning radius according to equation 4.4.
In

Mω 2 (1 − ρ * Vbar )(rb2 − ra2 )
Aa
=
,
Ab
2 RT

(4.4)

where Aa and Ab , respectively represent the absorbance at the two radii, ra (meniscus), and

rb (any position in the cell); M is the molar mass of the solute; ω is the angular velocity; ρ is
the solvent density; Vbar is the partial specific volume; R is the ideal gas constant; and T is
the temperature in Kelvin. It should be noted that this relationship holds for monodispersed
samples. For polydispersed samples, the plot deviates from linearity [25]. Consequently, the
curvature of the plot must be analyzed in order to obtain the average molecular weights at
distance r.
The equilibrium distribution of two representative fractions at 25 0C is illustrated
in Figure 4.5. The residuals at the top of each plot indicate how well the data points correlate
with the fitting function. The average molecular weights of different fractions of poly-L-SUL
were calculated from the analytical ultracentrifugation measurements (Figure 4.3 C).
Analysis of V values and molecular weight data suggests that the size of the fractionated
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polymeric surfactants increased with the increase in the size of molecular weight cut of
filters.
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Figure 4.5. Plots and residuals of absorbance vs. radius for two representative samples
of poly-L-SUL, (A) non-fractionated poly-L-SUL and (B) above 30 K
fractionated poly-L-SUL.
4.3.6. Polarity of Micelles
Fluorescence emissions of monomeric pyrene molecules solubilized in polymeric
surfactants can be used to provide structural information of the micelles [26-28].

The

monomer emission intensities between the first (373 nm) and the third (383 nm) vibronic
peaks of the pyrene spectrum depend on the environmental polarity of the solubilized pyrene
molecules [29-31]. The I1/I3 ratio is influenced by a number of factors including the
aggregation number, core cavity, and core thickness of the micelle [32]. Therefore, it is
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possible to elucidate the location of pyrene molecules as a function of the size of the micelle
from the I1/I3 ratio.
In the present study (Figure 4.3 D), the I1/I3 ratio decreased as the size of fractionated
polymeric surfactant increased. The shift of I1/I3 ratio from a higher value of 5 K-10 K
fractionated poly-L-SUL to a smaller value of poly-L-SUL fractionated above 30 K MWCO
filter indicated that more of the solubilized pyrene molecules resided in a hydrophobic
environment as the core volume of the micelle increased.

If pyrene molecules were

distributed only in the palisade layer, then the I1/I3 ratio would not change when the size of
the micelle increased. Therefore, larger sizes of poly-L-SUL provide smaller values of I1/I3
ratio because of a larger hydrophobic core of the micelle. It should be noted that the nonfractionated poly-L-SUL provide smaller I1/I3 ratio as compared to poly-L-SUL fractionated
between 5 K-30K. This observation led us to suggest that a larger proportion of polymeric
surfactants are large macromolecules, probably above 30 K.
4.3.7

Micellar Electrokinetic Chromatography Studies
The polydispersity of polymeric surfactants employed in MEKC adversely affect the

electrokinetic separations of the analytes [33]. This is because wide ranges of micelle
migration velocities result in band broadening. In order to understand how different sizes of
polymeric surfactants affect electrokinetic separations of analytes in MEKC, we compared
the enatiomeric separation of PTH-DL-amino acids, and coumarinic derivatives (Figure 4.1
for structures) in non-fractionated and fractionated samples of poly-L-SUL. These analytes
were chosen because they are hydrophobic and neutral under the buffer conditions used. In
addition, the hydrophocibity of PTH-amino acids depends on the structure of the amino acid
residue.

121

The chiral center of poly-L-SUL (Figure 4.2) is the active site for the
enantiomeric resolution of analytes in MEKC. The enantiomeric resolution is based on
interactions between the enantiomer, the chiral polymeric surfactant, and the buffer. The

isobutyl groups of poly-L-SUL enhance the interactions between the chiral center of the
enantiomeric compound and the surfactant polar head by imparting a stereospecific
interaction.

These isobutyl residues control the degree of interaction between the

enantiomer, the polar groups, and hydrophobic groups around the chiral center.
Consequently, the enantiomer interacts with poly-L-SUL forming diastereomeric complexes
that have different formation constants. The resolutions (Rs), and retention factors (k’1) of
the test analytes are presented in Figure 4.6. It is noted that different sizes of poly-L-SUL
provided different enantiomeric resolving capabilities for the test analytes. The test analytes
were chosen to exploit the specific polymeric surfactant size-solute interactions so that
differences in overall electrokinetic separation with the size of polymeric surfactant could be
demonstrated.
The enantioresolution of both PTH-DL-amino acid and coumarinic derivatives
increased gradually with increased fractionated size of poly-L-SUL. The highest Rs for all
test analytes were obtained with the largest size of poly-L-SUL (average 32702 mwt). The
observed increase in Rs can be attributed to the increasing size of poly-L-SUL. Polymeric
surfactants fractionated to different sizes introduce unique hydrophobic interactions
necessary for the chiral separation.

Hydrophobic interaction plays a major role in the

interaction between the solute and the pseudostationary phase [34]. In addition, different
sizes of polymeric surfactants in the MEKC buffer has several consequences, the most
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important being a change in the partitioning of the analyte between the pseudostationary
phase and the buffer phase resulting in different migration times for the analyte.
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Figure 4.6.

Effect of polydispersity on resolution and retention of test analytes in
MEKC (A) Conditions for PTH-amino acid derivatives: + 30 kV, 275
mM boric acid, 20 mM sodium phosphate and 10 mM triethylamine pH
=7.0, temperature =150C, 50 mM (equivalent monomer concentration)
poly-L-SUL, pressure injection of 30 mbar for 3 seconds of 0.10 mg/mL
sample. (B) Conditions for coumarinic derivatives: same as (A) except,
0.15 mg/ sample. (C) Reproducibility of points (n=3) was about 4.01%
RSD for Rs and 0.82 % RSD for k’1.
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The test analytes were chosen to exploit the specific polymeric surfactant size-solute
interactions so that differences in overall electrokinetic separation with the size of polymeric
surfactant could be demonstrated. The enantioresolution of both coumarinic and PTH-DLamino acid derivatives increased gradually with increased fractionated size of poly-L-SUL
(Figure 4.7 & 4.8).

Figure 4.7. Effect of polydispersity on chiral separation of PTH-amino acid derivatives
(1,1’) PTH-valine, (2,2’) PTH-norvaline, (3,3’) PTH-leucine, (4,4’) PTHtryptophan). MEKC conditions: same as Figure 4.6.
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Figure 4.8.

Effect of polydispersity on chiral separation of (±) warfarin and (±)
coumachlor. MEKC conditions: same as Figure 4.6.

The highest Rs for all test analytes were obtained with the largest size of poly-L-SUL
(average 32702 mwt). The trend in α is analogous to the Rs and the increase in Rs and α can
be attributed to the increasing size of poly-L-SUL. The Polymeric surfactants fractionated to
different sizes introduce unique hydrophobic interactions necessary for the chiral separation.
The hydrophobic interaction plays a major role in the interaction between the solute and the
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pseudostationary phase [34, 35]. In addition, different sizes of polymeric surfactants in the
MEKC buffer has several consequences, the most important being a change in the
partitioning of the analyte between the pseudostationary phase and the buffer phase resulting
in different migration times for the analyte.

4.4. Conclusion
In the study reported here, the influence of polydispersity on separation properties of
poly-L-SUL was examined. From polarity, PFG-NMR, AUC, and MEKC data, it is noted
that micelles with molecular weight above 30 K provide a more remarkable effect on chiral
separation as compared to non-fractionated poly-L-SUL. While fluorescence results showed
a decreasing polarity with increasing size of fractionated polymeric surfactant, PFG-NMR
and AUC results depicted an increase in hydrodynamic radii and molecular weight,
respectively. In all characterization results, the properties of non-fractionated poly-L-SUL
closely matched that polymeric surfactant fractionated above 30 K. Dispersed molecular
weight distribution of poly-L-SUL used in MEKC separation affected the capacity of the
pseudostationary phase for chiral recognition. Enhanced selectivity of fractionated poly-LSUL micelles was observed with increasing polymeric surfactant size.

Therefore, the

narrowing of polydispersity by centrifugation filtration minimized band broadening resulting
in enhanced resolution and separation efficiency of test analytes in MEKC.
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Chapter 5.
Enantioselectivity of Structurally Modified Poly-Sodium Undecenoyl-LLeucinate by Insertion of Triton X-102 Surfactant Molecules
5.1. Introduction
Separation processes mediated by the presence of amino acid based polymeric
surfactants in micellar electrokinetic chromatography (MEKC) have continued to receive
considerable attention over the past decade [1, 2]. It is well established that the structure of
these surfactants can easily be manipulated by changing the amino acid functional group [3,
4]. This, in turn, can vary enantioselectivity. A change in the structure of a surfactant
headgroup will often alter the partitioning of the analyte between the micelle and the buffer,
resulting in different retention times of the analyte [5]. Differences in the micelle-enantiomer
interaction yield differences in enantiomeric separation in MEKC.
Modification of the mobile phase and/or the micellar phase in MEKC can result in
successful enhancement in analyte selectivity. Modification of the mobile phase in MEKC is
commonly achieved by introducing various additives directly into the buffer solution.
Examples of these additives include organic solvents, such as methanol, acetronitrile [6-9],
urea [10, 11], and cyclodextrins [12].

Such mobile phase additives alter selectivity by

changing the polarity of the solvent and the zeta potential of the capillary wall.
Consequently, the partition coefficient, migration behavior, and electro-osmotic flow are also
altered [13, 14]. Combinations of surfactants (mixed micelles) with different polar and
structural properties are often used to tailor a desirable selective micellar environment for
chiral separation [15, 16]. Another approach to manipulating the micellar structure is to add
small molecules that preferably reside within micelles.
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Therefore, micellar size and

architecture are altered. Interactions between analytes and modified micelles may alter the
migration of analytes in MEKC. This is caused by differences in the degree of analytemicelle associations.
The use of Triton X-102 (TX-102), as a non-ionic micellar phase modifier offers
several advantages over other additives. TX-102 contributes less to joule heating, since it is
non-conducting.

Therefore, high concentrations and high voltages can still be used.

However, TX-102 it is scarcely used due to its high viscosity [17, 18]. High viscosity effects
may cause variations in EOF and mass transfer rates of the analytes between the micellar and
the aqueous phases. This can result in peak broadening and consequently, loss of resolution
[19].
In this study, a novel method of modifying polymeric surfactants, in order to
overcome the limitations of inherent viscosity effects of TX-102 are described.

A

considerable interest in the development of more selective pseudostationary phases for use in
MEKC stimulated our desire to structurally modify amino acid based polymeric surfactants
for enhanced selectivity in MEKC measurements. TX-102–induced structural changes of
poly-L-SUL were elucidated by use of fluorescence, PFG-NMR, and MEKC.

While

fluorescence experiments allowed determination of the polarities of poly-L-SUL surfactants,
PFG-NMR was employed for the determination of the resulting polymeric surfactant sizes.
The effects of the modified surfactant structures on the enantiomeric recognition of the
racemates of coumarinic derivatives, PTH-amino acid derivatives, and pindolol were
examined by use of MEKC. The TX-102-induced structural changes in poly-L-SUL allowed
the examination of the fundamental ideas regarding the selectivity of modified polymeric
surfactants.
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5.2. Experimental
5.2.1. Chemicals and Reagents
The single amino acid L-leucine, the racemates of (±) warfarin, (±) coumachlor, (±)
pindolol, and phenythiohydantoin (PTH)-DL-amino acids were purchased from Sigma (St.
Louis, MO). N-hydroxysuccinimide, undecylenic acid, sodium bicarbonate, D2O, pyrene,
and dicyclohexyl-carbodiimide (DCC) were obtained from Fluka (Milwaukee, WI) and were
used without further purification. Ethyl acetate, methanol, cyclohexane, tetrahydrofuran (all
HPLC grade) and Triton X-102 were obtained from Aldrich (Milwaukee, WI) and were used
as received. Dialysis membranes were purchased from Millipore (Billerica, MA).
5.2.2. Synthesis of L-SUL and polymerization in the presence of Triton X-102
The L-SUL surfactant was synthesized according to a procedure previously described
by Wang et al [2]. Different concentrations (0.3 mM to 1.20 mM) of TX-102 (Figure 5.1)
were separately added to 50 mM non-polymerized aqueous solution of L-SUL and then
polymerized to yield TX-102 modified poly-L-SUL.

CH3

CH3
H3C

C

H 2C

C

O

O

H
12.5

CH3

CH3

Figure 5.1. Chemical structure of Triton X-102.
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Polymerization was achieved by use of γ-irradiation from a

60

Co source (model 484

R, from J.O Shepherd, San Fernando, CA) of 0.7 krad/hour for 168 hours (total dose, 118
krad). Proton-NMR was used to monitor the polymerization process. The disappearance of
the vinyl proton signals at 6.0 to 5.0 ppm and broadening of the upfield peaks served as a
confirmation of a complete polymerization of the surfactant. TX-102 modified poly-L-SUL
was dialyzed by use of 3500 MWCO membranes to extract monomers and smaller
aggregates in the poly-SUL surfactant. The presence/absence of TX-102 molecules in the
dialyzed polymeric surfactant was determined by use of ultraviolet (UV) absorption
measurements.

5.3. Characterization Methodologies
TX-102-induced polymeric surfactant structures were characterized by use of pulsed
field gradient-NMR, fluorescence, and MEKC techniques according to the procedures
described in chapter 2 of this dissertation.
5.3.1. Buffer and Sample Preparation
All analyte stock solutions were prepared at a concentration of 10 mg/mL in
methanol. An appropriate aliquot of each analyte was transferred to a sample vial and diluted
with methanol. The final concentration of each analyte in the mixture was approximately
0.15 mg/mL. A buffer solution of 275 mM boric acid, 20 mM sodium phosphate, and 10
mM triethylamine was prepared in triply deionized water.

Each modified poly-L-SUL

surfactant as well as non-modified poly-L-SUL was dissolved in the buffer solution to give
equivalent monomer concentration of 50 mM (pH = 7.00) for the separation of PTH-amino
acid derivatives, coumarinic derivatives, and pindolol.
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5.4. Results and Discussion
5.4.1. Physical Characterization
In this study, TX-102 (Figure 5.1) was used as a spacer for L-SUL micelles during
polymerization. Smaller surfactant aggregates and non-polymerized surfactant monomers
were extracted from modified poly-L-SUL by use of 3500 molecular weight cut off (MWCO)
dialysis membranes. The effect of TX-102 on the structure and size of poly-L-SUL was
elucidated by use of PFG-NMR and fluorescence studies. The overall chromatographic
performance of TX-102-modified polymeric surfactants on chiral separation of analytes in
MEKC was evaluated. The results are summarized as follows.
Examination of the diffusion coefficients data (Table 5.1) suggested the formation of
larger poly-L-SUL surfactant as concentrations of TX-102 was increased.

Table 5.1. Influence of TX-102 modifier on diffusion coefficients and hydrodynamic
radii of poly-L-SUL

Concentration of TX-102

Diffusion Coefficient
(cm2 S-1)

Hydrodynamic radii
(8)

0 mM TX-102

0 mM TX-102

18.4

0.3 mM TX-102

0.3 mM TX-102

19.3

0.6 mM TX-102

0.6 mM TX-102

19.6

0.9 mM TX-102

0.9 mM TX-102

20.3

1.2 mM TX-102

1.2 mM TX-102

21.2
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Larger polymeric surfactant structures are associated with smaller diffusion coefficients and
larger hydrodynamic radii. It should be noted that micellar packing in L-SUL surfactant is
dictated by both repulsive and attractive interactions. While the electrostatic repulsions are
between the carboxylate anions at the headgroup, the hydrophobic interactions are between
the isobutyl leucyl side chains and the undecenoyl groups [20].
From the evaluation of PFG-NMR data, it can be argued that the positioning of the
non-ionic TX-102 in L-SUL micelles influenced the spacing between L-SUL headgroups by
reducing the electrostatic repulsion forces. In addition, the cyclic chain of TX-102 occupied
a larger space as compared to alkyl chain of L-SUL, resulting in the expansion of the
polymeric surfactant structure. Consequently, larger sizes of polymeric surfactant structures
were formed during polymerization as depicted the increase in hydrodynamic radii as the
concentration of Triton X-102 was increased (Table 5.1). The formation of larger polymeric
structures can be explained by considering that some of the TX-102 molecules are
incorporated in poly-L-SUL surfactant even after extensive dialysis as revealed by the UV
studies (Figure 5.2). In addition, the electrostatic repulsion forces at the surfactant head
group are minimized by the TX-102 molecules.
The monomer of pyrene shows relative changes in the fine structure of its
fluorescence spectrum in response to the polarity of a microenvironment [21, 22]. The
fluorescence intensity ratio (I1/I3) of the first (372 nm) and the third (382 nm) vibronic peaks
is used to measure the polarity of a microenvironment. Micellar properties such as the
aggregation number, core cavity, and core thickness affect the I1/I3 ratio [23]. In this study,
the I1/I3 ratio of poly-L-SUL increased gradually as the concentration of TX-102 increased.
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Figure 5.2.

Absorbance of non-modified and Triton X-102 modified poly-L-SUL
surfactants.

However, at higher concentrations of TX-102 (above 0.6 mM), a slight decrease in I1/I3 ratio
was observed (Figure 5.3). The shift of I1/I3 ratio to higher values as the concentration of
TX-102 increased suggested that more of the solubilized pyrene reside in a polar
environment. Increased polarity of modified poly-L-SUL is due to the presence of TX-102

Pyrene I 1 /I 3 Ratio

molecules incorporated in the micelles (Figure 5.2).
1.05
1
0.95
0.9
0.85
0.8
0.0

0.3

0.6

0.9
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Figure 5.3. Polarity of poly-L-SUL surfactants.
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1.2

Polyoxyethylene (POE) chains of TX-102 (Figure 5.1) easily bind to the water molecules in
the palisade layer of the poly-L-SUL surfactant resulting in a more polar environment. The
hydrophobic cyclic chain of TX-102 has a strong interaction with the micellar hydrophobic
core.
5.4.2 Chromatographic Performance of Triton X-102-Modified Poly-L-SUL
A comparison of the enantiomeric resolutions (Rs) of the test analytes (Table 5.2)
revealed that modified poly-L-SUL surfactant provided a superior chromatographic resolving
capacity as compared to non-modified poly-L-SUL. The effectiveness of TX-102-modified
poly-L-SUL as a pseudostationary phase employed in the chiral separation of five test
analytes (Figure 5.4) was examined. For example, coumarinic derivatives could not be
separated by use of non-modified poly-L-SUL (Figure 5.5). However, remarkable resolution
was observed when 0.9 mM TX-102 modified poly-L-SUL was used. A gradual increase in
the concentration of TX-102 resulted in a concomitant increase in the resolution of analytes.
Conversely, the resolution was lost at TX-102 concentrations higher than 0.9 mM.

Table 5.2.

Influence of TX-102 modifier on retention factor (k’1) and resolution (Rs)
of test analytes.

Rs
Triton X-102
0.0
0.3
0.6
0.9
1.2

k' 1

Coumachlor Warfarin Pindolol PTH-Tryptophan PTH-Leucine
0.26
0.62
0.77
1.22
0.02

0.00
0.27
0.33
0.64
0.00

0.82
0.84
0.87
1.05
0.24

0.67
0.84
1.27
1.84
1.04

1.95
2.66
2.72
4.87
3.01
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Coumachlor Warfarin Pindolol PTH-Tryptophan PTH-Leucine
1.527
1.538
1.558
1.758
1.265

1.068
1.068
1.071
1.157
1.002

1.375
1.295
1.438
1.592
0.645

1.624
1.146
1.264
1.758
1.222

0.607
0.546
0.535
0.665
0.357
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Figure 5.4. Chemical structures of analytes.
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Figure 5.5. Comparison of TX-102 modified polymeric surfactants on the separation of
(±) warfarin (1,1’) and (±) coumachlor (2,2’) enantiomers. MEKC
conditions: 50 mM (equivalent monomer concentration) of poly-L-SUL
each in 275 mM boric acid, 20 mM sodium phosphate, and 10 mM
triethylamine buffered at pH 7.3; Pressure injection of 30 mbar for 3 S of
0.2 mg/mL sample; temperature: 15 0C. Peak identification: (1, 1’)
warfarin, (2, 2’) coumachlor.
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In MEKC, the retention factor (k’1) is directly related to the partition coefficients of
analytes into the miceller phase. Therefore, the migration behavior of analytes is strongly
dependent on the type of surfactant.

In order to quantitatively evaluate the effects of

structurally modified micelles on the partitioning of the analytes, the retention factor of the
test analytes was determined. Examination of MEKC data indicated an increase in the
retention factors as the concentration of TX-102 increased.

This observation suggests

increased interactions between the test analytes and the modified poly-L-SUL. However,
analyte-modified micelle interactions decreased at TX-102 concentrations above 0.9 mM. It
is interesting to note that between 0.3 mM and 0.6 mM of TX-102, the retention times of all
test analytes are smaller as compared to the retention times for non-modified poly-L-SUL.
Conversely, larger resolutions were noted for analytes separated by use of 0.3 mM and 0.6
mM TX-102 modified poly-L-SUL.
Evidence accrued from PFG-NMR data (Table 5.1) indicated that the size of poly-LSUL surfactant increased in the presence of TX-102. A similar effect has been observed with
longer chain alcohols [24, 25]. Enhanced chromatographic performance obtained by use of
TX-102-modified poly-L-SUL on the resolution of analytes becomes apparent in Figures 5.55.7. The data obtained from MEKC, PFG-NMR, and polarity studies led us to suggest that,
the presence of TX-102 in poly-L-SUL surfactant resulted in a larger but looser configuration
of poly-L-SUL surfactant structures. TX-102 molecules induced larger spacing between
leucine residues in poly-L-SUL where the solute intercalates the surfactant.

Greater

partitioning of analytes into the modified surfactants resulted in enhanced interaction of the
analytes with the chiral center of poly-L-SUL.

Consequently, the dynamics of solute

partitioning and migration were altered, yielding a superior separation of the test analytes. A
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larger, loosely packed, polymeric surfactant structure is therefore projected to enhance the
enantioselectivity of some chiral compounds in MEKC.
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Figure 5.6. Comparison of TX-102 modified polymeric surfactants on the separation of
(±) PTH-Leucine (1,1’) and (±) PTH-Tryptophan (2,2’) enantiomers.
MEKC conditions same as Figure 5.5.
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Figure 5.7. Comparison of TX-102-modified polymeric surfactants for the separation of
(±) Pindolol. MEKC conditions: same as Figure 5.5.
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5.5. Conclusion
The effect of TX-102 on the chromatographic performance of poly-L-SUL was
investigated.

Calculation of the capacity factors at different concentrations of TX-102

modifier revealed increased interactions between the test analytes and the modified poly-LSUL. The method of polymerizing the surfactant in presence of modifiers offers a simple
and a useful way of controlling the enantioselectivity of polymeric surfactants in MEKC
because it overcomes the inherent viscosity effects of the modifier. In addition, current
breakdown associated with direct addition of TX modifiers into the pseudostationary phase is
avoided. This method may improve the resolution of some chiral compounds by increasing
the accessibility of analytes to the surfactant chiral center. Large capacity factors can be
attributed to the expansion of the micellar core by the cyclic chain of TX-102 hence
increased partitioning of analytes into the polymeric surfactant structures. The interplay
between micellar size and the structure of the modified polymeric surfactant allowed a rich
diversity of chiral selectivity.
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Chapter 6.
Conclusions and Future Studies
The importance of using pure enantiomers has long been recognized by the
pharmaceutical industry, and later by the agrochemical and the printing industries. This is
because the conversion of one form of enantiomer to another form can provide a major
impact on the way the molecule responds to an interaction with the surrounding molecules.
Chirality of enantiomers is only observed when the enantiomeric molecules are subjected to a
chiral environment. Different chiral selectors have been employed in chiral separation.
However, there is no single chiral selector that can separate all chiral analytes in a single run.
Therefore, the search for a superior chiral selector in CE is a recurrent theme, which is
continually explored by many separation scientists. In this dissertation, I have explored
various methods of structural modification of chiral polymeric surfactants in order to achieve
an improved enantiomeric recognition of chiral compounds in MEKC.
The background information on the properties of surfactants, methods of modification
of surfactants in micellar phase and aqueous, the basic operation principles of CE, and the
characterization techniques are described in chapter 1 of this dissertation.

Several

characterization techniques employed in this study are surface tensiometry, fluorescence,
densitometry, pulsed field gradient-NMR, and analytical ultracentrifugation (AUC).
Capillary electrophoresis (CE) is a competent separation technique that can be employed in
enantioseparation of chiral compounds. The most common ways to influence mobilities of
analytes in CE is to change parameters such as pH, temperature, and the chiral selector in the
buffer. However, the mobilities of enantiomers will be identical, regardless of the change in
pH or temperature.

It is only by addition of the chiral selector that the mobilities of
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enantiomers can be changed in a selective way. Some of the methods used for the structural
modification of the polymeric surfactants employed as chiral selectors in MEKC are
discussed in detail in chapters 2 to 5.
In chapter 2, the effect of different alkali counterions (Li+, Na+, K+, Rb+, Cs+) on the
physical properties and the chiral separation by use of undecenoyl polymeric surfactant was
examined. While surface tensiometry, fluorescence, and PFG-NMR were used to elucidate
the physical properties of the surfactant, MEKC was used to determine the chromatographic
performance of the modified surfactant. The presence of different counterions in the micellar
phase influences the degree of hydration in the palisade and stern layers of the surfactant.
The extent of hydration in the surfactant plays a significant role in hydrogen bonding and
polarity properties, which influences the partition coefficients of the analytes. In this study, a
remarkable improvement in the enantiomeric recognition of binapthyl and benzoin
derivatives as well as aminoglutethimide was observed.

The MEKC resolution of the

aforementioned analytes increased as the size of the counterion associated with undecanoylL-leucinate increased.

This observation was explained in terms of the structural changes

induced by the presence of different alkali counterions at the surfactant headgroup.
In chapter 3, a novel method of using alcohols as organic modifiers to overcome
inherent viscosity effects in the running buffer was explored. The influences of hexanol and
undecelenyl alcohol on the physical properties and the chromatographic performance of
sodium undecenoyl-L-leucinate (SUL) surfactant were examined by use of various
techniques described in chapter 2. In this method, various concentrations of alcohols were
added to the surfactant then polymerized to yield alcohol-modified polymeric surfactants.
Extraction of the alcohols from the polymerized surfactant was achieved by use of dialysis
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and freeze-drying processes. The absence of alcohols in the polymeric surfactants was
determined by elemental analysis and was found to be 98 % pure.
The effect of polydispersity of poly-SUL on chiral separation is described in chapter
4. Polydispersed distribution of polymeric surfactants is undesirable in MEKC because
polydispersity lead to non-uniform rates of mass transfer thus, resulting in band broadening.
In order to minimize band broadening, the polydispersity of poly-L-SUL was reduced by use
of molecular weight cutoff filters of defined pore sizes. Fractionation of poly-L-SUL to
different molecular weight sizes was achieved by use of the centrifugal filtration process.
Fractionated polymeric surfactants were characterized by use of analytical ultracentrifugation
(AUC) and fluorescence techniques. The chromatographic performance of fractionated and
non-fractionated poly-L-SUL was compared in MEKC.

An increase in resolution with

increasing molecular weight of the polymeric surfactants was observed for PTH- amino acid
and coumarinic derivatives as test analytes.
The use of Triton X-102 (a non-ionic surfactant) as a co-surfactant modifier of polyL-SUL is discussed in Chapter 5. Different concentrations of Triton X-102 were added to

SUL (monomeric form) and then polymerized. The resulting polymers were dialyzed and
freeze dried before characterization experiments (UV absorption, fluorescence, and PFGNMR) were performed.

Evaluation of fluorescence and PFG-NMR data respectively,

revealed an increase in polarity and hydrodynamic radius as the concentration of Triton X102 was increased. This observation was surprising because a decrease in polarity was
expected for an increase in the size (hydrodynamic radius) of the polymeric surfactant.
Examination of the UV data revealed the presence of Triton X-102 molecules in poly-L-SUL
despite extensive dialysis process. Therefore, the increase in polarity with the increase in the
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concentration of Triton X-102 is due to the presence of Triton X-102 molecules in poly-LSUL. The chromatographic performance of Triton X-102 modified poly-L-SUL in MEKC
was superior compared to that of non-modified poly-L-SUL.
Future studies in this area should be geared towards the exploration of other methods
of modification of surfactants such as the use of ionic liquids and mixed surfactants. Ionic
liquids are organic salts with melting points under 100 0C or even lower than the room
temperature. Recent applications of ionic liquids include substitution for the traditional
organic solvents in chemical reactions and catalysis. One of the principal driving forces for
using ionic liquids as micellar phase modifiers is due to ability to employ different anions
and cations to generate a vast number of different ionic liquids, each with their own specific
solvation properties.

These unique properties may result in unique selectivity of the

polymeric surfactant for various analytes to be separated in MEKC.
Complex mixtures can be separated by use of various single, modified, and mixed
surfactant systems in MEKC. The use of mixed surfactant systems (ionic + non-ionic, ionic
+ ionic, zwitterionic + non-ionic) may influence the partition coefficients of analytes and
hence influence separations. However, the standard practice for choosing the composition of
the pseudostationary phase solution involves an intelligent guess of trial and error. From the
understanding of polymeric surfactant systems, one can predict a successful separation in
MEKC by use of the proposed flow chart (Figure 6.1).

When the resolution is not

satisfactory, it is necessary to evaluate the retention factors, which may be used to judge
whether the use of a different or structurally modified surfactant is required. The required
range of resolution can be obtained either by adjusting the length of the capillary or by
changing the concentration of the surfactant used.
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Figure 6.1. A strategy to the development of an optimum separation in MEKC.

Complex systems such as surfactants require the use of more than one technique to
elucidate their physical properties.

Structural changes induced by modifiers used in a

polymeric surfactant system are even more difficult to characterize by use of a single
technique.

Therefore, a combination of different techniques that measure different

parameters is usually used to reveal the structure of a particular polymeric surfactant system.
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The most appropriate technique that may give a substantial amount of information regarding
structural transformation of a surfactant system is atomic force microscopy (AFM). AFM is
a well established technique for high-resolution (nanometer scale) topographical imaging of
samples. AFM works by means of a large lever arm with a very sensitive tip on the end.
Laser light shines on the tip, which is attached to the end of a force-sensing cantilever. As
the tip is automatically moved over the sample surface (the substrate), changes in the
reflection of laser light are monitored. From the changes in the reflected laser light, a
computer can generate the topographical image of the sample. The chemical forces between
the AFM probe tip and the surface can provide unique localized size, shape, and texture
information about the sample. I envision that the use of AFM to measure some of the
physical properties of the polymeric surfactants may be one way of gaining insight into the
structural characteristics of complex surfactant systems.
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